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ABSTRACT 
 
Sediment accumulated in lakes stores valuable information about past 
environments and paleoclimatological conditions. Cores previously obtained from Saint 
Albans Bay, located in the Northeast Arm of Lake Champlain, VT record the transition 
from the Champlain Sea to Lake Champlain. Belrose (2015) documented the presence of 
a peat horizon separating the sediments of the Champlain Sea from those of Lake 
Champlain. Initially, this layer was thought to comprise the transition from the marine 
environment of the Champlain Sea to a freshwater wetland. However, based on the results 
from this study, the transition between marine and freshwater conditions is thought to be 
represented by an erosional unconformity, indicative of a lowstand at the end of the 
Champlain Sea period.  
For this study, five additional cores were collected from Saint Albans Bay along a 
transect following the long axis of the bay moving into progressively deeper water. These 
cores better constrain the spatial extent, thickness and age variability of the peat layer 
within the bay and allow us to better understand the environmental conditions that preceded 
the period of peat deposition. In each of the cores there is evidence of sediment reworking 
in the uppermost Champlain Sea sediments, indicated by the presence of coarse-grained 
sediment, which is suggestive of a lowstand at the end of the Champlain Sea period before 
the inception of Lake Champlain. This coarse-grained layer is immediately overlain by a 
thick peat horizon. The widespread occurrence of the peat layer points to a large wetland 
that occupied the entire inner portion of Saint Albans Bay, and lake level ~ 9 m lower than 
at present during the Early Holocene.  
Based on radiocarbon dating, this paleo-wetland existed in Saint Albans Bay from 
~ 9,600-8,400 yr BP. The development of this wetland complex is time transgressive, 
reflecting rapidly increasing lake level during the Early Holocene. This hypothesis is 
supported by the basal peat radiocarbon dates, as well as by the composition of plant 
macrofossils recovered from the peat horizons. The shift from peat deposition to fine-
grained, low organic content lacustrine sedimentation is believed to have occurred at ~8.6-
8.4 ka and is likely the result of continued isostatically driven lake level rise coupled with 
a changing climate.  
Although it was not its primary focus, this study also seeks to address the variations 
in sediment composition in the Lake Champlain sections of the cores. Evidence from the 
Lake Champlain record in Saint Albans Bay indicates that there were notable fluctuations 
in sedimentation, which were likely linked to both climatic variations and a change in the 
morphology of the bay. The rebound in productivity from ~8-5 ka is likely the result of 
warmer conditions during the Hypsithermal period. An increase in terrigenous 
sedimentation during this same time suggests a change in the morphology of the bay in 
which the Mill River delta migrated towards the inner bay. Initially, the cooler conditions 
of the Neoglacial are reflected in Saint Albans Bay by a decrease in organic matter content 
from ~5-3 ka. During the latter part of the Neoglacial (~3-1 ka), increases in organic matter 
content and detrital input point to enhanced productivity in response to increased 
precipitation and runoff from the watershed. The most recently deposited sediments in 
Saint Albans Bay bear out the legacy of anthropogenic nutrient enrichment of the bay in 
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CHAPTER 1: INTRODUCTION 
Sediments accumulated in lakes store a wealth of information regarding 
environmental and climatic conditions, and studying these deposits provides a means for 
looking into the past (Colman et al., 1990; Cronin et al., 2008; Cronin et al., 2012; Hodell 
et al., 1999; Meyers, 2003; Meyers and Ishiwatari, 1993; Noren et al., 2002). Multi-proxy 
studies have become increasingly common in paleolimnology, as they provide the ability 
to reconstruct past ecosystems and biotic responses to changes in environmental conditions 
(Birks and Birks, 2006; Blundell and Barber, 2005; Leng and Marshall, 2004; McFadden 
et al., 2005). These types of studies rely on sediment characteristics such as bulk 
geochemistry, organic carbon content and C/N ratios (Meyers, 1997, 2003; Meyers and 
Lallier-vergés, 1999; Meyers and Teranes, 2002; Thevenon et al., 2012), stable isotope 
geochemistry (Brenner et al., 1999; Hladyniuk and Longstaffe, 2015, 2016; Hodell et al., 
1999; Meyers and Teranes, 2002), as well as changes in fossil assemblages in order to infer 
environmental change through time (Anderson et al., 2007; Birks, 2007; Francis, 1997; 
Hannon and Gaillard, 1997; Mullins et al., 2011; Van Geel et al., 1989). 
The overall goal of this study is to reconstruct the Holocene depositional history of 
Saint Albans Bay, a shallow embayment covering ~7.2 km2 in the northeast arm of Lake 
Champlain, VT, USA. Saint Albans Bay is separated into two distinct sub-basins by a 
bedrock sill. The inner bay ranges from ~3-10 m in depth, whereas the outer bay reaches a 
maximum depth of ~30 m. Saint Albans Bay drains an area of ~130 km2 composed 
primarily of glaciolacustrine and post-glacial marine sediments underlain by Cambrian and 




discharging into the northern and eastern ends of the basin. Saint Alban Bay’s shallow 
depth and relatively large size make it ideal for examining changes in water level and 
sedimentation through time. 
Of particular interest in this study is the Champlain Sea - Lake Champlain transition 
as recorded in Saint Albans Bay. Previous work in Saint Albans Bay by Belrose (2015) 
documented the existence of a peat layer dating from ~ 9,400-8,600 yr BP. This horizon, 
located between sediments of the Champlain Sea and Lake Champlain and interpreted as a 
wetland deposit, displays organic matter content as high as 50%. Belrose (2015) defined 
this peat layer as a transitional unit between the marine environment of the Champlain Sea 
and freshwater Lake Champlain. To determine the extent and temporal variability of this 
peat layer, five additional cores were collected for this study along a transect following the 
long axis of St. Albans Bay moving into progressively deeper water. 
 
The specific hypotheses of this study are: 
• The uppermost sediments of the Champlain Sea are indicative of a lowstand in the 
water level in this area of the Champlain Valley. This would be represented by 
coarse-grained detrital sediment and allochthonous organic material being 
deposited towards the center of the bay. 
• With lower water levels, marine sediment deposition in the inner portion of Saint 
Albans Bay was replaced by a wetland as indicated by the peat horizons. The age 
and spatial extent of this wetland will reflect changing water levels representing the 
onset of Lake Champlain, and the type of environment the peat formed in, saltwater 




• The transition from peat deposition to more typical organic-poor, fine-grained Lake 
Champlain sediments is the result of continued lake level rise. This would be 
represented by replacement of submerged macrophytes by algae, and a fining of 
sediment grain size due to the more distal setting. 
 
To validate these hypotheses, the sediment cores were analyzed to determine 
changes in physical properties (water content, bulk density, and grain size), organic (%C, 
%TN, C/N, δ13C) and inorganic (x-ray fluorescence) geochemistry, and vegetational 
composition. Results from this study were also compared to previous ones to provide 
greater insight into the changes that occurred in this region of Lake Champlain during the 
Early Holocene, specifically changes that occurred during the transition from the 






CHAPTER 2: LITERATURE REVIEW 
2.1 Geologic Setting of the Champlain Valley 
The Champlain Valley is a North-South oriented, glacially scoured valley, flanked 
by the Green Mountains of Vermont on the east and the Adirondack Massif on the west 
(Figure 2.1). A substantial portion of the basin is underlain by sedimentary rocks originally 
deposited in the Iapetus Ocean, which occupied this portion of Vermont from ~550-450 
Mya (Doolan, 1996). The Taconic Orogeny resulted in the closure of this ocean ~450 Mya, 
and the deformation and metamorphism of oceanic and shelf sediments. During this 
orogeny, several large N-S trending, low angle thrust faults formed in the Champlain 
Valley, juxtaposing older sediments over younger. The most evident of these faults is the 
Champlain Thrust Fault, which runs roughly parallel to Lake Champlain (Doolan, 1996).  
Much of the bedrock in the lowlands of the basin is composed of carbonates, shales, and 
sandstones, whereas much of the higher elevations of the watershed are dominated by 
metamorphic rocks including slates, phyllites, schists, and quartzites (Doll et al., 1961; 
Doolan, 1996). These same rock types underlay the watershed of Saint Albans Bay and are 
therefore relevant in interpreting the sediments deposited here.  
 






Figure 2.1: Physiographic provinces of the Champlain Valley (LCBP, 2004). 
2.2 Post-glacial History of the Champlain Valley 
2.2.1 Lake Vermont  
Although this study focuses on the more recent sediments of Lake Champlain and 
the youngest sediments of the Champlain Sea, understanding the entire postglacial history 
of the Champlain Valley is important for interpreting long term environmental change. 
Following the end of the Last Glacial Maximum (LGM), the Laurentide Ice Sheet retreated 
to the northern Champlain Valley by ~13.4 ka (Figure 2.2) (Chapman, 1937; Rayburn et 
al., 2007; Ridge, 2004). The damming of the Champlain Valley by the retreating ice sheet 





Figure 2.2: Glacial retreat model for New England showing radiocarbon dates of end moraines. 
(Ridge, 2012).  
Glacial Lake Vermont had two distinct phases in the Champlain Valley, the 
Coveville and Fort Anne stages, represented by different elevations and extents controlled 
primarily by the elevation of the outlet of the lake (Figure 2.3). This glacial lake was short-
lived, lasting only a few hundred years (Cronin et al., 2008; Rayburn et al., 2007). As the 
ice retreated further to the isostatically depressed Saint Lawrence Valley near Warwick, 
QC, waters in Lake Vermont fell by ~20-60 m depending on the locale. This catastrophic 
failure of Lake Vermont at ~13.1 ± 0.2 ka released a massive amount of freshwater to the 
North Atlantic through the Saint Lawrence Valley (Cronin et al., 2012; Rayburn et al., 
2007; Richard and Occhietti, 2005). The influx of freshwater to the North Atlantic through 




Valley, are linked to complex hydrological changes and the onset of the Younger Dryas 
(Brand and McCarthy, 2005; Cronin et al., 2012; Rayburn et al., 2011; Rayburn et al., 
2007; Rayburn et al., 2005). 
 
Figure 2.3: Map of the extent of Lake Vermont Phases, the Champlain Sea, and Lake Champlain in 
the Champlain Valley (LCBP, 2011). 
2.2.2 Champlain Sea  
 
The recession of the Laurentide Ice Sheet from the isostatically depressed Saint 
Lawrence Lowland allowed marine waters to fill the Champlain Valley, forming an 




1974; Rayburn et al., 2005; Richard and Occhietti, 2005; Rodrigues, 1992). Several phases 
of the Champlain Sea have been recognized and are distinguished by changes in 
temperature and salinity inferred from differences in marine and freshwater invertebrate 
faunal assemblages (Figure 2.4). The depositional history of the Champlain Sea is complex 
and reflects changing environmental conditions during its existence. The earliest 
Champlain Sea sediments from ~13.1-12.9 ka, indicate fluctuating salinity from an almost 
entirely marine (~30 psu) environment, based on the occurrence of the foraminiferal 
species C. reniforme and I. helenae, to a very brief return to fresh water environments 
dominated by the freshwater ostracode C. subtriangulata, and a transitional phase that 
contains a mixed assemblage of Candona, brackish water ostracodes, and marine 
foraminifera (Brand and McCarthy, 2005; Cronin et al., 2012; Rayburn et al., 2011). 
Following this transitional phase, there was a switch back to fully marine conditions 
represented by a diverse assemblage of marine foraminifera and bivalves by ~12.9 ka 
(Figure 2.4).  
Based on the conventional stratigraphy of the Champlain Valley, during the early 
phase of the Champlain Sea, first recognized by Elson (1969), the climate was also very 
cold, as indicated by the presence of Hiatella arctica, for which this period of the 
Champlain Sea is known (Figure 2.4). The subarctic “Hiatella arctica phase” lasted from 
~13.1 ka ± 0.2 ka to ~12.2 ka. As climate gradually warmed, the influence of the remaining 
glacial ice melting waned, and water depth shallowed due to isostatic rebound; the 
Champlain Sea became warmer. This interval of warm boreal water, known as the “Mya 




mesohaline faunal assemblages, reflecting the more estuarine conditions that existed 
during the later stage of the sea (Cronin, 1977; Elson, 1969; Fillon and Hunt, 1974).  
 
Figure 2.4: Stratigraphic relationship between Lake Vermont and Champlain Sea in Champlain 
Valley adopted from Franzi et al (2007); Rayburn et al. (2007), and lake level phases for glacial 
Lakes Algonquin (Lewis et al., 1994; Moore et al., 2000) and Agassiz (Teller and Leverington, 2004). 
Ages for Algonquin (Moore et al., 2000) and Agassiz (Teller and Leverington, 2004) phases are 
approximate. Timing of salinity decrease and possible eastward Algonquin drainage event into the 
Champlain Sea ∼11.4–11.2 ka is shown by shaded area. From Cronin et al. (2008). 
2.2.3 Champlain Sea – Lake Champlain Transition  
Until recently, most studies of lacustrine sediments in the Champlain Valley have 
focused on the transition from Lake Vermont to the Champlain Sea (Cronin et al., 2008; 
Katz et al., 2011; Occhietti et al., 2001; Parent and Occhietti, 1988; Rayburn et al., 2011; 
Rayburn et al., 2007; Rayburn et al., 2005; Richard and Occhietti, 2005). This is likely due 




occurred during the end of the Late Glacial (Brand and McCarthy, 2006; Cronin et al., 
2008; Cronin et al., 2012; Katz et al., 2011; Rayburn et al., 2011; Rayburn et al., 2007; 
Rodrigues and Vilks, 1994).  
The transition from the Champlain Sea to Lake Champlain was the result of 
continued isostatic rebound of the northern Champlain Valley following deglaciation. The 
time at which marine input was completely cut off from the Champlain Valley is generally 
believed to be ~10,000 yr BP, when the outlet sill at the northern end of Lake Champlain, 
near the Rapides de Chambly, Saint-Jean-sur-Richelieu, QC, Canada, rose above sea level 
(Figure 2.5) (Astley, 1998; Chapman, 1937). 
 
Figure 2.5: Map of the Champlain Valley and location of the modern outlet of Lake Champlain along 





Because the transition from the Champlain Sea to Lake Champlain is not well 
studied, ages for this transition vary. Although it was not the main objective of their studies, 
a small number of researchers examining the Lake Vermont – Champlain Sea stratigraphy 
have assigned dates for the Champlain Sea – Lake Champlain transition ranging from 
~9,000 to 10,000 yr BP (Chapman, 1937; Fillon, 1970; Fillon and Hunt, 1974; Freeman-
Lynde et al., 1980; Occhietti et al., 2001; Parent and Occhietti, 1988; Richard and 
Occhietti, 2005). Cronin et al. (2008) have performed the most detailed study documenting 
the Champlain Sea – Lake Champlain transition. The primary focus of their study was the 
history of glacial lake discharges through the Champlain Valley, but their 
micropaleontology and radiocarbon data also shed light on what the environment was like 
during the end of the Champlain Sea and the onset of Lake Champlain. The cores they 
collected (Figure 2.6) document the changes associated with the transition from the 
brackish waters of the late Champlain Sea to the freshwater of Lake Champlain (Figure 2.7 





Figure 2.6: CHIRP sonar lines and sediment–core locations from Folger Trough in southern Lake 
Champlain (Cronin et al., 2008). 
 
 The transition is marked by a change in the fossil assemblages from the brackish 
water bivalves and foraminifera that existed during the late-Champlain Sea to the 
appearance of freshwater ostracods and testate amoeba, an increase in Tsuga pollen, and 
the disappearance of foraminifera. The inception of Lake Champlain (Figure 2.7 & Figure 
2.8) (Cronin et al., 2008; Fillon and Hunt, 1974). In shallower areas of the Champlain Sea 
there is also a notable decrease in sediment bulk density and magnetic susceptibility, in 
addition to a sharp increase in mean grain size, approaching the transition indicating 





Figure 2.7: Proxy data and micropaleontology with radiocarbon dates from the Melo-5 core. The 
shaded gray area in the profile on the left represents the unconformable boundary between the 







Figure 2.8: Micropaleontology for the Melo-1 core. This site contains late Champlain Sea marsh 
foraminiferal and ostracod assemblages. Radiocarbon dates (at right) and low Picea % and 
abundant Pinus pollen suggest deposition late in the Champlain Sea episode between about 11 and 
9.5 ka (Cronin et al., 2008). 
 
Timing of the end of the Champlain Sea is not well constrained in many areas of 
the Champlain and Saint Lawrence Lowlands due to the unreliability of radiocarbon dates 
obtained from the shells of marine organisms. These dates are subject to a large degree of 
error due to influence of old carbon, salinity variability, and vital effects associated with 
marine organisms of different species (Anderson, 1988; Hillaire-Marcel, 1988; Rodrigues, 
1992; Rodrigues and Vilks, 1994). More recent studies have employed dating of organic 




therefore, provide more reliable, robust ages (Cronin et al., 2008; Occhietti et al., 2001; 
Rayburn et al., 2011; Rayburn et al., 2007; Richard and Occhietti, 2005). The timing of the 
end of marine deposition in the Southern Champlain and Saint Lawrence Valleys is now 
estimated to be between 9,500 and 9,800 yr BP; thus more recently than previously 
determined based on shell dates alone (Cronin et al., 2008; Occhietti et al., 2001). Cronin 
et al. (2008) remains the only study to have dated the earliest post-Champlain Sea lacustrine 
sediments in the southern basin of Lake Champlain. Radiocarbon dating of plant material 
in two cores, Melo-1 and Melo-5, indicates an average age of 9.7-9.8 ka for the earliest 
post-Champlain Sea lacustrine sediments.       
2.2.4 Tilted Water Planes in the Champlain Valley & Lake Level 
As the Laurentide Ice Sheet retreated from the Champlain Valley, the land surface 
responded by rising due to glacio-isostatic adjustment. Because of the greater ice thickness 
at more northern latitudes, the northern end of the Champlain Valley and Saint Lawrence 
Valley rebounded more rapidly than the more southerly Champlain Valley. This process 
of differential uplift is most evident in lakes, and results in the gradual tilting of the lake 
surface away from the direction of the maximum ice thickness, most commonly north 
(Figure 2.9). The tilted water planes from the various water bodies that have occupied the 
Champlain Valley are preserved as depositional and erosional features present above and 





Figure 2.9: Cartoons showing the influence of differential isostatic rebound through time on lake 
level, resulting from overflow through (A) an outlet in the southern end of the basin, (B) an outlet 
between the northern and southern ends of the basin, and (C) an outlet in the northern end of the 
basin. After Teller (1987) and Larsen (1987). Through time, older lake levels (beaches) become 
elevated or submerged with respect to the contemporaneous (horizontal) level. 
 
Many studies have used such features to interpret glacio-isostatic lake level change 
since deglaciation of the Champlain Valley (Athan, 2010; Beardwood, 1983; Chapman, 
1937; Fillon, 1970). Chapman (1937) was one of the first to explore these features and use 
them to interpret lake level responses to uplift. He used features such as beaches, wave-cut 
terraces, and deltas to reconstruct lake level for the various phases of Lake Vermont and 






Figure 2.10: Tilted water planes in New York representing changing elevations of water level in the 
Champlain Valley. As differential isostatic rebound slowed through time, the water planes became 
less tilted.  (Chapman, 1937). 
 
 
Figure 2.11: Tilted water planes in Vermont representing changing elevations of water level in the 
Champlain Valley. As differential isostatic rebound slowed through time, the water planes became 
less tilted.  (Chapman, 1937). 
 
The water plane of interest in this study is the Port Henry one. This water plane is 
represented by submerged deltas and terraces that are believed to have formed at the very 
end of the Champlain Sea period as they are underlain by Champlain Sea sediments and 
overlain by Lake Champlain sediments. The Port Henry delta is located at an elevation of 
~5 - 15 m AMSL, ~15 - 24 m below the current water level of Lake Champlain. Chapman 
(1937) interpreted this water plane as a lowstand that occurred when the Richelieu 
threshold in the north rose above sea level, excluding marine waters from the Champlain 
Valley, and thus forming Lake Champlain and the modern outlet of the Richelieu River. 




(Athan, 2010; Chapman, 1937). Others have used more advanced seismic techniques to 
examine submerged water planes in Lake Champlain (Athan, 2010; Beardwood, 1983; 
Chase, 1972). Athan (2010) reexamined the Port Henry water plane originally defined by 
Chapman using seismic profiles from the southern portion of the Main Lake and 
determined an average tilt of 0.061 m/km. However, he noted these results are open to 
some interpretation and that the water plane defined in this area of the lake may in fact be 
a submerged portion of the Plattsburgh water plane. 
Astley (1998) took a different approach to examining how lake level has changed 
in Lake Champlain in response to isostasy. She used wetland transgression and radiocarbon 
dating of basal peat deposits in lake fringing wetlands in Alburgh and Colchester, VT. 
Alburgh wetland (Figure 2.12) is a unique feature in Lake Champlain as it provides a robust 
record of lake level change from the onset of Lake Champlain to the present. This wetland 
formed behind a barrier beach that migrated shoreward as lake level rose and, therefore, 
the wetland occupying the area behind the beach reflects the elevation of the lake surface 
(Figure 2.13). The transect of cores she collected and basal peat radiocarbon dates allowed 







Figure 2.12: Location of Alburgh Wetland relative to Saint Albans Bay. The inset image shows 
Alburgh Wetland and the location of Astley’s (1998) transect of cores (T1) across the wetland. 
 
 
Figure 2.13: Schematic showing the process of landward barrier beach and wetland migration in 










Figure 2.15: Lake level curve developed by Astley (1998) from radiocarbon dates of basal peats in 
Alburgh Wetland and Colchester Bog.  
 
Astley (1998) defined three distinct phases of lake level change in Lake Champlain. 
Phase I (10,000-7,500 yr BP) saw rapid lake level rise of ~ 0.3 cm/yr in this region of Lake 




the outlet. At 10,000 yr BP, Astley (1998) determined that the tilt of the Lake Champlain 
water plane was ~0.22 m/km, similar to that determined by Chapman (1937). By 7,500 yr 
BP, the water plane became less tilted (0.046 m/km) as differential uplift slowed. Phase II 
(7,500-5,000 yr BP) was a relatively stable period of lake level, with lake level remaining 
steady or falling slightly. Astley (1998) attributed this apparent still-stand in lake level to 
a dramatic decrease in isostatic rebound caused by the passage of the forebulge trough. 
During Phase III (5,000 yr BP – present), there was renewed lake level rise (0.048 cm/yr), 
presumably caused by an increase in isostatic rebound as the forebulge migrated northward 
across the Champlain Valley.     
 
2.3 Lacustrine Sediment as an Archive of Environmental Change 
Sediment accumulated in lakes stores a wealth of information regarding 
environmental and climatic conditions, and studying these deposits provides a means for 
reconstructing the past (Colman et al., 1990; Hodell et al., 1999; Hodell et al., 1998; 
Meyers, 1997, 2003; Noren et al., 2002). Multi-proxy studies have become increasingly 
common in paleolimnology, as they provide the ability to reconstruct past ecosystems and 
biotic responses to changes in environmental conditions (Birks and Birks, 2006; Leng and 
Marshall, 2004; Smol and Cumming, 2000). These types of studies rely on sediment 
characteristics such as bulk geochemistry (Dypvik and Harris, 2001; Koinig et al., 2003; 
Kylander et al., 2011; Liang et al., 2013), organic carbon content and C/N ratios (Meyers, 
1997, 2003; Meyers and Ishiwatari, 1993; Meyers and Teranes, 2002; Thevenon et al., 
2012), stable isotope geochemistry (Brenner et al., 2006; Brenner et al., 1999; Hladyniuk 




vergés, 1999), as well as changes in fossil assemblages in order to infer environmental 
change through time (Anderson et al., 2007; Blundell and Barber, 2005; Finkelstein and 
Davis, 2006; Finkelstein et al., 2005; Roland et al., 2015; Sayer et al., 2010).  
2.3.1 Biological Indicators (%C, %N, & C/N) 
Carbon and nitrogen compose a relatively small but important portion of lake 
sediment. These essential elements provide the building blocks of life and therefore can be 
used to infer the sources and rates of primary production in lake ecosystems (Meyers and 
Ishiwatari, 1993). Organic matter is composed primarily of carbon and nitrogen and 
distinct types of OM have recognizable biochemical signatures that can help ascertain their 
source and their relative contribution to the lake ecosystem (Meyers and Ishiwatari, 1993; 
Meyers and Teranes, 2002; Thevenon et al., 2012). The amount of organic carbon in lake 
sediment is indicative of the amount of organic matter (OM) in the sediments. Typically, 
OM contains ~50% carbon, so the concentration of OM in lake sediments is approximately 
double the total organic carbon value. The amount of OM in lake sediment can therefore 
be used to reconstruct past lake productivity (Hladyniuk and Longstaffe, 2015; Meyers, 
2003; Meyers and Lallier-vergés, 1999).  There are a variety of sources of OM preserved 
in lake sediments and they can be broadly separated into two types; autochthonous OM 
produced within the lake by primary producers, and allochthonous OM transported to the 
lake from the watershed via streams and rivers. The OM preserved in lake sediments 
reflects the composition of the organisms formerly living in the lake and its watershed, and 




During and after the process of deposition in lakes, microbial reworking may alter 
the composition and amount of OM. This provides additional information about the lake 
environment, including the degree of water column mixing and the level of oxygenation of 
bottom waters (Meyers and Ishiwatari, 1993). Different types of OM are also subject to 
varying rates of microbial degradation; OM derived from terrestrial sources is degraded 
slower than that derived from aquatic sources due to its greater cellulose content (Meyers 
and Lallier-vergés, 1999). Consequently, the sediment may not reflect the original 
proportions of the various sources of OM (Meyers, 1997). However, as will be discussed 
further, these changes are not significant enough to affect the discernibility between aquatic 
and terrestrial sources.     
The main factor controlling the rate of microbial degradation in the water column 
and surface sediments is the availability of oxygen, which microbes use to metabolize OM. 
This means that lakes that are well mixed generally contain less sedimentary OM than those 
that are temporarily or permanently stratified (Meyers and Lallier-vergés, 1999). The 
amount of time OM spends in the water column also affects the degree to which it is 
degraded, meaning that shallow lakes generally have greater OM preservation than deep 
lakes (Eadie et al., 1984). Also, shallow lakes tend to be more productive than large lakes 
as they normally do not stratify. This allows nutrients to remain in circulation and 
accessible to plants rather than sequestered in the sediments. Shallow lakes tend to have a 
smaller volume compared to deep lakes, so nutrient loading from the watershed has a 





The concentration of OM in lake sediments is also dependent on the amount of 
terrigenous sediment entering the lake from the watershed. During times of high 
minerogenic deposition, the relative amount of OM may decrease even if the level of 
productivity remains constant (Meyers and Lallier-vergés, 1999). “Dilution” is an 
important process to take into account when interpreting OM records of lake sediment. The 
effects of dilution can be accessed with high resolution dating and the calculation of 
sediment accumulation rates, which is often too expensive to be practical.  
The ratio of carbon to nitrogen (C/N), a relative measure of the amount of cellulose 
in plant material, is a particularly useful metric for determining the source of OM in lakes 
(Meyers, 1997; Meyers and Lallier-vergés, 1999; Meyers and Teranes, 2002; Thevenon et 
al., 2012). This is because cellulose is primarily composed of carbon and lacks nitrogen 
(Meyers and Teranes, 2002). Terrestrial plants such as trees, shrubs, and grasses are 
composed of a higher proportion of carbon compared to aquatic primary producers, due to 
their utilization of cellulose in their supportive structures. This results in vascular terrestrial 
plants having a C/N ratio of >20 (Figure 2.16). This contrasts with nonvascular aquatic 
plants, such as algae, that have C/N of ~4-10, because they lack supportive structures and 
are primarily composed of proteins and lipids, which contain a greater amount of nitrogen 





Figure 2.16: Common ranges for C/N and 13C of organic matter. Modified from Meyers and 
Teranes (2002). 13C ranges for lacustrine algae and macrophytes from Lini and Levine (unpublished 
data). 
   
C/N ratios may be subject to early diagenetic changes that slightly increase them 
due to selective degradation of N-rich proteins and lipids. This is seen in the difference in 
values between modern wood and wood that has been buried for an extended period. The 
latter typically has a higher ratio of carbon to nitrogen (Talbot and Johannessen, 1992). 
Diagenetic microbial immobilization of nitrogen and remineralization of carbon can also 
alter C/N values of OM, causing them to become lower (Sollins et al., 1984). However, 
diagenesis is mostly stabilized after burial and any subsequent changes are not great enough 
to overprint the terrestrial/aquatic signature of sedimentary organic matter (Hedges et al., 
1985; Talbot and Johannessen, 1992). In summation, the use of %C, %N, and C/N provide 




changes in the source of OM to the sediment. Changes in these proxies can be used to infer 
changes in productivity and watershed hydrology, which may be linked to climate and 
associated environmental change such as changes in lake level and nutrient availability.  
2.3.2 Carbon Stable Isotopes  
As with the C/N ratios, carbon stable isotopes can tell us a great deal about the 
composition and source of organic matter (Boon and Bunn, 1994; Brenner et al., 1999; 
LaZerte and Szalados, 1982; O'Leary, 1988). The two most common isotopes of carbon 
are 12C (98.89% abundance) and 13C (1.11 %). The differences in atomic mass between 
these two isotopes causes them to be found in varying abundances in organic matter due to 
biotic and abiotic factors. The heavier isotope of carbon, 13C, is often discriminated against 
by photosynthetic organisms as it is less energetically favorable when compared to the 
lighter, 12C isotope; this is known as kinetic isotope effect. This leads to a different ratio of 
13C/12C in the plant material than that of the original carbon source, a process known as 
isotopic fractionation (O'Leary, 1988).  
Plants primarily obtain carbon from atmospheric CO2. However, aquatic plants and 
algae may obtain carbon from other sources, such as CO2 or bicarbonate (HCO3-) dissolved 
in the water column. These aquatic sources of carbon are together referred to as dissolved 
inorganic carbon (DIC). Since the primary carbon source for plants and algae is CO2, the 
lighter 12CO2 diffuses faster through stomata and is preferentially utilized during enzymatic 
carboxylation by both RuBP and PEP carbozylase during photosynthesis (O'Leary, 1988). 
The degree of fractionation is dependent of the type of photosynthetic pathway used by 




pathways and factors affecting the availability of inorganic carbon in their environment, 
different types of plants often display a distinct isotopic signature that can be used to 
ascertain the source of OM in sediments (Figure 2.16) (Brenner et al., 1999; Hladyniuk and 
Longstaffe, 2015; Meyers and Lallier-vergés, 1999). Some of the abiotic factors that affect 
the fractionation of carbon in plants include; temperature, light regime, and the differing 
rates of diffusion of CO2 in both air and water (O'Leary, 1981, 1988; O'Leary et al., 1986).  
 The δ13C of emergent and floating leaved macrophytes is often similar to that of 
C3 land plants as they both utilize atmospheric CO2 with an isotopic composition of ~-8‰ 
(O'Leary, 1988). Given a photosynthetic fractionation for C3 plants is in the range ~-19 to 
-20‰, they should yield δ13C values in the range of ~-27 to -28‰ (Brenner et al., 1999; 
O'Leary, 1988). Submerged macrophytes frequently display δ13C values higher than those 
of emergent ones. One explanation for why submerged aquatic vegetation is typically 
isotopically enriched relative to emergent and terrestrial C3 plants is the decreased 
photosynthetic fractionation caused by the lower rates of diffusion of CO2 in water relative 
to air (Boon and Bunn, 1994; Brenner et al., 2006; LaZerte and Szalados, 1982). An 
additional explanation for isotopic enrichment in submerged macrophytes is that they are, 
aptly named, submerged entirely below the water surface and therefore, they utilize DIC 
that may not be in equilibrium with the atmosphere (Brenner et al., 2006; LaZerte and 
Szalados, 1982). The composition and type of DIC that submerged macrophytes use is 
dependent on several factors. When primary productivity in the water column is high, 12C 
in the DIC pool may be depleted relative to 13C leading to more enriched values of 
autochthonous OM. If productivity is high enough and CO2 is scarce, submerged 




dissolved CO2, rather than CO2 as a carbon source. This results in more enriched values in 
submerged macrophytes (Boon and Bunn, 1994; Brenner et al., 2006; LaZerte and 
Szalados, 1982).   
Although they typically only make up a small proportion of OM in temperate lakes, 
understanding the carbon isotopic composition of C4 plants is also important, as an 
expansion of such vegetation can be valuable for interpreting changes in climate and 
moisture budgets because they tend to dominate in environments that are arid (Meyers, 
1997). C4 plants are inherently more efficient at utilizing CO2 than C3 plants due to their 
enzymatic pathway, which uses PEP carbozylase rather than RuBP (C3 plants). This 
“efficiency” leads to a lower degree of fractionation, and therefore, C4 plants typically have 
δ13C values in the range of -10 to -15‰ (Boon and Bunn, 1994; Meyers and Teranes, 2002; 
O'Leary, 1988). Lacustrine algae generally have an isotopic composition similar to that of 
C3 terrestrial plants (13C = -25 to -30‰) but may exhibit a wider range of values (13C = 
-15 to -35‰) depending on the source of DIC they are utilizing and relative photosynthetic 
rates (Brenner et al., 1999). Similar to submerged aquatic vegetation, under high 
photosynthetic production the lighter 12CO2 may become scare due to preferential use 
leading to a relative enrichment of 13CO2, causing algae to become more enriched (Hodell 
and Schelske, 1998; Hollander and McKenzie, 1991). If productivity is high enough and 
water is stagnant, or not well mixed, CO2 may become depleted in the water column and 
algae may use bicarbonate as their source of DIC leading to more enriched values in the 




2.3.3 X-ray Fluorescence Bulk Geochemistry   
Using X-ray fluorescence spectroscopy to determine the elemental composition of 
lake sediment has become increasingly common in paleolimnological studies examining 
chemostratigraphic changes in sediment cores. This technique is useful for understanding 
various aspects of depositional and paleoenvironmental conditions, such as anthropogenic 
input (Giguet-Covex et al., 2012; Kylander et al., 2011), sediment provenance (Nakamura 
et al., 2016; Turner et al., 2015; Wittmeier et al., 2015), paleo-redox conditions (Koinig et 
al., 2003; Naeher et al., 2013; Wersin et al., 1991; Yang and Rose, 2005), and weathering 
rates (Develle et al., 2011; Lintern et al., 2016; van der Bilt et al., 2015).  
The foundation of XRF techniques is the photoelectric fluorescence of 
characteristic secondary x-rays from a sample. In XRF elemental analyzers, an x-ray source 
(radioisotope or tube source) generates photons in the x-ray energy band, bombarding the 
sample (Boyle, 2002). This bombardment expels electrons from the inner orbitals of the 
constituent atoms making them unstable. When these electrons fall back into a lower orbital 
after excitation, the energy is released in the form of a photon. The specific energy of these 
photons is characteristic of their source elements and the rate of emission is a function of 
their concentrations in the sample material, allowing for the quantification of elemental 
concentrations (Boyle, 2000).  
There are many advantages to using XRF to determine elemental concentrations in 
lake sediment. Until recently, the geochemistry of lake sediment was based primarily on 
the extractable, non-lattice bound, element fractions as they reflect the environmental 
conditions at the time of deposition (Boyle, 2000; Engstrom and Wright Jr, 1984). 




information (as mentioned in the introduction of this section). The conventional means of 
determining total elemental concentrations involves total sediment digestion in strong acids 
(HF or HClO4) to release lattice bound elements common in rock forming minerals (Boyle, 
2002; Engstrom and Wright Jr, 1984). The drawbacks to acid digestion are that it is both 
time consuming and potentially hazardous. This process is also destructive and the amount 
of material available is often a limiting factor with lake sediment cores (Boyle, 2000). XRF 
on the other hand, is well suited to paleolimnological investigations as it is rapid and non-
destructive, allowing the samples that are analyzed to be utilized for other analyses. XRF 
also produces results comparable to those of more rigorous, labor-intensive techniques that 
require a total sediment digestion such, as atomic absorption spectroscopy and inductively 
couples mass spectroscopy (Boyle, 2002; Niu et al., 2010; Rydberg, 2014). Table 2.1 
summarizes the elements analyzed in this study and their characteristics and associations.   
Table 2.1: Summary of characteristics and associations of elements analyzed in this study. Chemical 
occurrences and associations from Salminen et al. (2005) and De Vos et al. (2006). 
Element Characteristics & Association 
Zr Lithophile metallic element. Associated with detrital heavy minerals such as 
zircon and sphene. May substitute for Ti in rutile and ilmenite. Also found in 
trace amounts in clinopyroxene, amphibole, mica and garnet. Highly 
immobile.  
Rb Lithophile metallic element. Commonly substitutes for K+ in mica and clay 
minerals and to a lesser extent K-feldspar. Relatively immobile.    
Sr Lithophile metallic element. Associated with variety of rock-forming 
minerals including K-feldspar, gypsum, plagioclase and, especially, calcite 
and dolomite. 
Mn Lithophile metallic element. Redox sensitive, very soluble under reducing 
conditions. Typically held in secondary Mn4+ oxides on primary minerals and 
lithic fragments. May occur in detrital phases such as mafic silicates, 
magnetite and ilmenite.  
Fe Lithophile and chalcophile metallic element. Redox sensitive. Forms several 
common minerals, including pyrite, magnetite, hematite and siderite. Fe is 




Element Characteristics & Association 
pyroxene and olivine. In detrital sediment, it is mainly present as hydrous Fe-
oxides and primary oxides and its abundance is controlled by provenance, 
pH-Eh conditions, and grain size. 
V Lithophile metallic element. Redox sensitive, mobile under oxidizing 
conditions and relatively immobile in reducing environments. Primarily 
associated with detrital Fe-oxides, clay minerals, hydrous oxides of Fe and 
Mn, and organic matter. 
Ti Lithophile metallic element. Most common in weathering resistant minerals 
such as ilmenite, sphene, and Ti-oxides (anatase, brookite, and rutile). Less 
common accessory element in pyroxene, amphibole, mica and garnet. 
Abundance in sediment largely dependent on the abundance of detrital oxides 
and silicates, such as chlorite and clay minerals.  
Ca Lithophile metallic element. Most commonly associated with calcite, gypum, 
and anhydrite. Also found in feldspar, amphibole and pyroxene, and is often 
associated with clay minerals such as illite, chlorite and Ca– montmorillonite. 
In detrital sediments, it is most associated with detrital carbonates and 
plagioclase.  
K Lithophile and biophile metallic element. Common in many silicate minerals 
such as K-feldspar and micas. In detrital sediments, it is most associated with 
clay minerals such as illite.  
Al Lithophile post-transition metal. major constituent in many rock-forming 
minerals, such as feldspar, mica, amphibole, pyroxene and garnet. In detrital 
sediments, it is most commonly associated with clay minerals such as 
kaolinite and smectite.  
Si Lithophile metalloid. Major component of silicate rock-forming minerals. In 
detrital sediment, it is most commonly associated with quartz, feldspars, and 
clay minerals. Also present in non-crystalline biogenic silica produced by 
diatoms and siliceous sponges.  
 
2.3.4 Grain Size Analysis  
Sediment grain size is a valuable property of lake sediments as it is indicative of 
the relative energy of the lake environment. Therefore, a change in grain size can be 
representative of a variety of processes, most notably, fluctuations in lake level and changes 
in the hydrologic energy of the watershed (Noren et al., 2002; Parris et al., 2010; Shuman 




63 m), and sand (63-2 m). Clay sized sediment is commonly associated with calm deep-
water deposition as it requires a low water velocity to settle to the lake bottom. Silt 
deposition is more common in moderate depths of lakes, closer to sources of detrital 
sediment from terrestrial and riverine input. Sand is indicative of near-shore environments 
where there is relatively high energy and a source of terrigenous sediment such as river 
deltas and shorelines (Noren et al., 2002; Parris et al., 2010; Shuman et al., 2009).  
Fluctuations in grain size can be useful for interpreting changes in the lake and its 
catchment. Generally, a lowering of lake level will result in a regression of the shoreline, 
represented as a coarsening upwards sequence as coarser sediment is deposited over finer 
sediment (Hannon and Gaillard, 1997; Noren et al., 2002; Parris et al., 2010; Shuman et 
al., 2001). This, however, can also indicate a change in watershed hydrologic activity such 
as an increase in erosion and delivery of coarse detrital sediment to the lake. The opposite 
can also be said; a transition from coarse sediment to finer sediment at a given location 
may indicate a deepening of lake level and shoreline transgression or reduced hydrologic 
energy of the watershed.   
2.3.5 Peat Micro & Macrofossils  
Plant and animal fossils preserved in lake sediments play a key role in 
paleolimnology and paleoenvironmental reconstructions. Depending on the age of the 
sediments and the environmental conditions in which they are deposited, plant or animal 
remains may not undergo complete fossilization and are often referred to as subfossils. 
Distinct types of lacustrine plants and animals have habitat preferences that are indicative 




water clarity (Cañellas-Boltà et al., 2012; Hannon and Gaillard, 1997; Van Geel et al., 
1984). Investigations of subfossil organisms in lake sediments can be grouped into two 
main classes, quantitative and qualitative. In quantitative studies, a set volume or weight 
of sediment from a core is analyzed for the selected taxa and all individuals are identified 
and enumerated (Birks, 2007). This process can be extremely time consuming, which may 
limit the number of samples that a single researcher can process. Quantitative subfossil 
studies often employ statistical methods such as clustering to determine floral or faunal 
zonation based on the number and type of taxa present (Birks, 2007). These types of studies 
also require large sample volumes (~50-100 cm3) in order to obtain a quantity of 
macrofossils that may be representative of the littoral community, and with a standard 
coring device with a 2-3” OD, this may not be possible.  Qualitative studies are less 
exhaustive and generally only note the presence or absence of taxa and their relative 
proportions in a sample, which still provides valuable information (Birks, 2007; Brenner 
et al., 2006). These types of studies may be more suitable if quantitative subfossil analysis 
is not the main goal of the study or time is limited. 
Plant macrofossils are particularly useful in interpreting environmental conditions 
in littoral environments like that of Saint Albans Bay. The remains of subfossil plants are 
ideal as a proxy of environmental conditions in lakes because they do not travel long 
distances like pollen and are therefore indicative of the immediate environment in and 
around the lake (Birks, 2007; Hannon and Gaillard, 1997). Most commonly they are either 
deposited in-situ, washed in from the watershed by streams, or transported short distances 





Figure 2.17: Illustration of the taphonomic processes leading to the preservation of macrofossil 
assemblages in a temperate lake. Modified from Birks (2007). 
 
 An application of plant macrofossils that is of interest to this study is their use in 
the reconstruction of lake level changes, as certain taxa inhabit relatively narrow depth 
ranges and thus can provide valuable information regarding lake level fluctuations in 
paleolimnological reconstructions (Behre et al., 2005; Cañellas-Boltà et al., 2012; Hannon 
and Gaillard, 1997; Yu et al., 1996). Lacustrine plants generally fall into three distinct 
categories: emergent plants that inhabit the supralittoral and eulittoral zone, floating leaved 
macrophytes that inhabit the sublittoral zone, and submerged aquatic vegetation which 





Figure 2.18 The effects of lake-level fluctuations on the distribution of shore vegetation and the level 
of the sediment limit. The diagram to the right of the figure shows the sediment and vegetational 
composition in a network of sediment cores (1-4) progressing into deeper water. After Hannon and 
Gaillard (1997) 
(a) Stable lake level. The content of coarse minerogenic and organic matter in the sediment decreases 
outwards from the shore.  
(b) A lowering in lake level will cause a lowering of the sediment limit and erosion of the marginal 
sediment as well as an outward spread of lake vegetation.  
(c) A rise in lake level will produce a rise in the sediment limit, an inward displacement of the lake 
vegetation and a decrease in the content of coarse matter. 
 
Emergent macrophytes generally inhabit areas of the littoral zone that are <1 m in 
depth and near the shoreline (Figure 2.19). Depending on the taxa, floating leaved 




found in calmer areas of the lake that are not subject to strong currents (Figure 2.19). 
Submerged rooted aquatic vegetation such as Chara and Nitella sp. can occupy an even 
greater range of depths ranging from <1 m to >10 m (Figure 2.19). 
  
Figure 2.19: Potential depth ranges of emergent, floating-leaved, and submerged lakeshore and 
aquatic taxa. After Hannon and Gaillard (1997). The genera encountered in this study are shown 





 Although it was not a primary focus in this study, animal fossils can also provide 
valuable information regarding environmental conditions in lakes such as temperature, 
depth, pH, turbidity, and productivity. Of interest in this study is the transition from 
saline/brackish waters of the Champlain Sea to freshwater Lake Champlain and whether 
the peat interval was deposited in an entirely freshwater wetland, or during the transition 
in brackish waters. Many animal species found in lakes are not tolerant of salinity and their 
presence or absence can indicate which of these two scenarios is most likely (Cronin et al., 
2008; NRCS, 2012; Smol et al., 2001). 
2.4 Limnology of Lake Champlain 
Lake Champlain is one of the largest freshwater lakes in the United States, only 
surpassed in size by the five Laurentian Great Lakes. It is situated in the Northeastern 
United States between the states of New York and Vermont with the most northern portion 
extending into the Canadian province of Quebec (Myer and Gruendling, 1979). The Lake 
Champlain Basin occupies a narrow valley between the Adirondack Massif of New York 
and the Green Mountains of Vermont. The watershed of Lake Champlain encompasses the 
Champlain Valley, the northwestern slopes of the Green Mountains and the northeastern-
most slopes of the Adirondacks (Figure 2.1). Many large rivers discharge into Lake 
Champlain; on the eastern side of the lake major rivers and streams include the LaPlatte, 
Lamoille, Missisquoi, Poultney, and Winooski rivers as well as Lewis Creek, Little Otter 
Creek, and Otter Creek. On the western side, major inflows include the Ausable, Boquet, 
Great Chazy, La Chute, Little Ausable, Little Chazy, Salmon, and Saranac rivers, as well 




Richelieu River, which discharges into the St. Lawrence River at Sorel-Tracy, Quebec 
(Figure 2.5). 
Lake Champlain is ~193 km long and ~19 km wide at its widest point, containing 
a water volume of ~25.8 cubic kilometers. The average depth of the lake is ~19.5 m, but 
reaches ~122 m in the area known as Folger Trough between just north of Thompsons and 
Split Rock Point (Figure 2.5). The average elevation of the lake is ~29.1 m AMSL and it 
can fluctuate greatly from year to year. Normal annual variation between high and low 
average water levels is ~ 2 m. The observed maximum range between record high and low 
water levels is ~ 3 m. Lake Champlain is dimictic, turning over in the spring and fall and 
thermally stratified in the winter and summer (LCBP, 2011; Myer and Gruendling, 1979). 
The overall trophic status of the lake is mesotrophic but this varies by region with some 
areas considered oligotrophic and others eutrophic (Figure 2.21) (LCBP, 2011). Lake 
Champlain can be broadly subdivided into three distinct regions: South Bay, which 
encompasses the area south of Crown Point, NY, the Main Lake, which extends from 
Crown Point to Rouses Point in the north, and the Northeast Arm, which encompasses 












Figure 2.21: Trophic status of Lake Champlain regions based on average phosphorous 
concentrations (LCBP, 2011).  
2.4.1 Saint Albans Bay Watershed & Limnology 
Saint Albans Bay is a NE-SW oriented, elongate lobe-shaped embayment in the 




bay covers an area of ~7.2 km2 and has a catchment of ~130 km2. Saint Albans Bay is 
divided into two distinct basins separated by a bedrock sill (Figure 2.22).  
 
Figure 2.22: (Right) Location of Saint Albans Bay in the northern portion of Lake Champlain. (Left) 
The division of the inner and Outer Bay with the location of the bedrock sill (in blue) separating 
them. 
 
The average depth of Saint Albans Bay is ~8 m, with the Inner Bay being 
considerably shallower (>1-8 m) than the Outer Bay, which reaches a maximum depth of 
~20 m. Circulation in the bay is complex and differs between the Inner and Outer Bays 
(Eglite, 2009; ENSR, 2007; Myer and Gruendling, 1979). The deeper Outer Bay remains 
well mixed throughout the year but may stratify for short periods of time during summer, 
whereas the Inner Bay remains entirely isothermal throughout the year. The circulation of 
Saint Albans Bay is largely influenced by that of the Northeast Arm, which is dominated 
by a counter-clockwise pattern that flows north past the entrance to the bay. Given the 




that can cause water from the Inland Sea to flow into the southern side of Saint Albans Bay 
and out through the northern side (Eglite, 2009; ENSR, 2007). 
Several rivers enter Saint Albans Bay, which is important for understanding its 
limnology and depositional history. Five subwatersheds comprise the 130 km2 watershed 
that drains into Saint Albans Bay (Figure 2.23). Jewett and Stevens Brook make up a large 
portion (61.5 km2) of the northern catchment. The confluence of these two brooks forms 
the Black Creek Wetland, which discharges into the shallow northern section of the bay. 
Guayland Brook, the smallest of the streams entering the bay, drains a small area (6.1 km2) 
in the north-central part of the watershed and discharges into the bay along the northern-
most shore to the east of Black Creek Wetland. Rugg Brook and the Mill River make up 
the remainder of the watershed (62.5 km2), draining the entire southern part of the bay’s 
watershed. Table 2.2 below summarizes the characteristics of these subwatersheds and 





Figure 2.23: Watershed of St. Albans Bay showing subwatersheds and location of rivers/streams. 
Watersheds were delineated using data from the Vermont Center for Geographic Information and 







Table 2.2: Land cover / land use percentages for Saint Albans Bay watershed and subwatersheds. 
Data compiled from 2011 National Land Cover Dataset (NLCD) data for the State of Vermont and 
processed in ArcGIS Spatial Analyst.  
    
 
2.4.2 Bedrock & Surficial Geology of Saint Albans Bay 
Knowledge of the bedrock and surficial geology of a lake’s watershed is important 
for understanding the source and deposition of sediments within the lake. Soils in the 
watershed of Saint Albans Bay are primarily composed of silty, sandy, and stony loams 
except for the area around Black Creek Wetland, which is composed of Carlisle muck, and 
areas of clay in the lower reaches of Jewett and Stevens Brooks (NRCS, 2017). The 
watershed surficial materials are composed primarily of glaciofluvial and glaciolacustrine 
sediments deposited during the Last Glacial Maximum and subsequent glacial lake and 
marine sea phases of the Champlain Valley (Doll et al., 1961). 
As with most of the Vermont portions of Lake Champlain’s catchment, Saint 
Albans Bay’s watershed is underlain by Cambrian and Ordovician sedimentary and 
metamorphic rocks (Figure 2.24). The Jewett Brook watershed is underlain almost 
exclusively by the Ordovician Iberville Shale Formation. The geology underlying Stevens 
Brook is a bit more complex, being composed primarily of Ordovician and Cambrian 
Watershed Name Rugg Brook Mill River Stevens Brook Jewett Brook Guayland Brook Whole Watershed
Water 0.00 0.65 0.27 0.09 0.04 0.34
Developed Open Space 11.96 3.80 11.70 1.26 9.82 7.06
Developed Low Intensity 10.55 2.49 9.59 3.02 10.87 6.11
Developed Medium Intensity 5.01 0.83 5.35 1.06 5.18 2.96
Developed High Intensity 1.46 0.11 2.68 0.14 1.90 1.15
Barren Land (Rock/Sand/Clay) 0.00 0.00 0.12 0.05 0.00 0.04
Deciduous Forest 19.33 32.09 16.23 2.54 20.94 20.32
Evergreen Forest 0.75 2.59 0.82 0.03 0.07 1.29
Mixed Forest 3.42 5.13 3.08 0.56 1.02 3.35
Shrub/Scrub 0.88 0.85 0.95 0.08 0.59 0.75
Grassland/Herbaceous 0.11 0.09 0.11 0.08 0.13 0.10
Pasture/Hay 29.67 31.84 22.31 39.05 37.09 30.08
Cultivated Crops 14.45 11.71 19.75 42.87 10.53 19.58
Woody Wetlands 1.62 7.07 6.19 7.46 0.89 5.93
Emergent Herbaceous Wetlands 0.78 0.75 0.83 1.70 0.91 0.94
Area (km
2




dolostone, limestone and sandstone in the lower reaches, whereas the upper portion is 
composed of calcareous and arenaceous slate, dolomite, and quartzite. The geology of 
Guayland Brook is very much like that of Stevens Brook, composed primarily of 
carbonates and slates of the same age. The Rugg Brook watershed is underlain by the same 
units as Guayland Brook but contains lenses of sandstone and quartzite within the 
predominantly carbonate and low grade argillaceous bedrock. The largest subwatershed of 
SAB, the Mill River, has a more varied bedrock composition. The lower reaches are 
composed of carbonates and slates like the other subwatersheds. However, the upper 
reaches of the Mill River watershed contain quartzite and higher grade metamorphic rocks 
such as schist, and metagraywacke. The islands located in SAB, Lazy Lady Island and 
Rock Island, as well as Hathaway Point consist of Hathaway Chert, a submember of the 
Iberville Shale, which has been prehistorically mined for use in lithic reduction to produce 






Figure 2.24: Bedrock geologic map of Saint Albans Bay watershed and subwatersheds.  
2.5 Previous Paleolimnological Investigations of Saint Albans Bay 
Several paleolimnological investigations into the depositional history of Saint 
Albans Bay and the Inland Sea region of Lake Champlain have been conducted (Astley, 
1998; Belrose, 2015; Burgess, 2007; King et al., 1993; Koff, 2011; Levine et al., 2012; 
Palmer, 2012). The original impetus for studying this region of Lake Champlain was the 




collected several piston and gravity cores from Lake Champlain to determine how lake 
productivity and OM sources have changed since European colonization. One of Burgess’s 
coring locations was in Saint Albans Bay. The combined gravity and piston cores (143 cm 
total length) she recovered contained a record spanning ~ 7,000 yrs. (Figure 2.25 & Figure 
2.26). Burgess noted elevated %C values from 7-5.5 ka (3.5-4.6 %), decreasing thereafter 
to 2-3% for most of the remainder of the record. OM deposition during that period is much 
higher than what determined for the remainder of the record, except for the most recent, 
anthropogenically impacted sediments. This result was perplexing as it indicated a higher 
than expected level of pre-settlement productivity.        
 





Figure 2.26: St. Albans Bay %Corg, C/N, δ13C and BSi vs. Age (yr BC). From Burgess (2007). 
 
The results from Burgess (2007) prompted further interest in studying the early 
history of Saint Albans Bay. The goal of the following studies was to extend the paleo-
record past 7,000 yr BP to better understand the conditions that preceded this interval. 
Palmer (2012) succeeded in capturing a longer record from the bay, spanning ~8,600 yrs. 
In her 259-cm long core SAB1, the oldest sediments recorded %C values even higher 
(~8%) than those observed by Burgess (2007). Palmer (2012), however, was unable to 
capture a long enough record to determine when the initial rise in OM deposition occurred. 
Nevertheless, based on her observations, Palmer (2012) was able to make some inferences 
about climatic conditions and productivity throughout the history of Saint Albans Bay 





Figure 2.27: Proxy values (%C, C/N, magnetic susceptibility, BSi, δ13C, & grain size) for SAB1 and 
interpreted climatic conditions. From Palmer (2012). 
 
 
Figure 2.28: Palmer (2012) observations on climate, lake level, productivity, OM sources, sediment, 





 Belrose (2015) returned to Saint Albans Bay in 2013 to attempt to extend the 
record of the bay further. The core she collected, at approximately the same location as 
Palmer’s (2012) SAB1 core, successfully captured a longer record. Her 303-cm long 
SAB13 core contained three distinct sedimentological units (Figure 2.29). Three 
radiocarbon dates and correlation with Palmer’s (2012) SAB1 core allowed Belrose (2015) 
to construct an age model for SAB13, indicating a maximum age of ~9,600 yr BP for the 
bottom-most sediments (Figure 2.30). The lowermost interval consists of a 68-cm blue-
gray silty clay unit interpreted as sediment deposited in the Champlain Sea. This is overlain 
by a 58-cm thick brown mucky peat layer that contains fibrous plant material and 
macrophyte seeds. The transition between the peat and underling Champlain Sea sediments 
is gradual and contains numerous small pieces of woody material. The peat layer then 





Figure 2.29: Simplified lithology of Belrose’s SAB13 core showing the three distinct sedimentological 
units and locations of radiocarbon dates. From Belrose (2015). 
 
Figure 2.30: Age-depth model for SAB13 using radiocarbon dates from both Palmer’s 
(2012) study (red dots) and the present SAB13 (green dots). The location of the peat layer is also 





Belrose used a statistical approach, known as hierarchical clustering, to identify 
distinct depositional periods in the sedimentary record of Saint Albans Bay. She did, 
however, encounter issues with the grouping of non-adjacent samples, a common problem 
with non-stratigraphically constrained clustering. She addressed this issue by manually 
assigning samples into groups based on her observations of the proxy data and results from 
one-way ANOVA tests. Her results indicate that there are six distinct depositional periods 
represented in her SAB13 core (Figure 2.31).      
 
 
Figure 2.31: SAB13 hierarchical cluster analysis results plotted with each of the four proxies (%C, 





Belrose (2015) interpreted the oldest periods, 5a and 5b, as sediments deposited 
towards the end of the Champlain Sea period. These two sub-periods, however, are quite 
distinct from each other. Belrose characterized Period 5b (9,700-9,600 yr BP) as a time of 
low OM deposition with low C/N values, indicative of cool, dry conditions. During period 
5a (9,600-9,400 yr BP), %C values and C/N begin to rise rapidly indicating warmer 
temperatures, lower lake level, and more terrestrial OM input in the form of wood 
fragments. The following period (4), is characterized as a time of low lake level and the 
onset of wetland deposition, as indicated by the presence of mucky peat with high %C 
values (~23%), diatom species typical of shallow water and splash zones, and abundant 
macrophyte remains. She interpreted this period as the transition between the Champlain 
Sea and Lake Champlain. Productivity of the wetland increased from 9,600 yr BP to a 
maximum around ~9,000 yr BP. Afterwards, %C values steadily decrease to < 3%. Belrose 
(2015) attributed this decrease in productivity to a cooler, drier climate leading up to the 
8.2k climate event, along with isostatically controlled lake level rise (Alley and 
Ágústsdóttir, 2005; Alley et al., 1997; Astley, 1998).  
Belrose (2015) interpreted the start of Period 3b (8,600-7,600 yr BP) as the onset 
of Lake Champlain deposition in SAB. Her interpretation of this period was that higher 
lake level combined with a cooler, drier climate resulted in less OM deposition and a switch 
from submerged aquatic vegetation to a more algal dominated system (Alley and 
Ágústsdóttir, 2005; Alley et al., 1997; Mullins et al., 2011; Shuman et al., 2009). Period 3a 
(7,600-4,000 yr BP) saw a rebound in OM deposition and higher C/N values compared to 
the previous period. Belrose (2015) and Palmer (2012) interpreted this rebound in 




higher productivity and the return of some submerged aquatic vegetation (Dieffenbacher-
Krall and Nurse, 2005; Dwyer et al., 1996; Mullins et al., 2011).  
Period 2 (~4,000 yr BP-1900 AD), is the uppermost cluster identified in the SAB13 
core and is characterized by a rise in productivity with C/N values remaining relatively 
stable. This period of time covers the Neoglacial, which brought cooler, drier conditions to 
the area; these conditions may have resulted in a decrease in lake level and an increase in 
productivity (Dieffenbacher-Krall and Nurse, 2005; Koff, 2011; Mullins et al., 2011). 
 
Figure 2.32: Statistical analysis of the SAB13 record shows distinct Periods (2 – 5b) for %C, %N, 
C/N, and WC all versus age in yr BP. From Belrose (2015).  
 
Taylor (2015) performed a limited palynological study on Belrose’s SAB13 core. 




to cover the period of peat deposition and the time immediately before and after. Results 
from her study show that during the period of peat deposition there was a distinct 
vegetational change from a Pine-dominated (cooler climate), to Pine and 
Hemlock/hardwood-dominated (warmer climate), followed by a return to a Pine-
dominated community and contraction of hardwoods (Figure 2.33). This disruption in 
vegetational succession may represent a punctuation within the onset of the Hypsithermal 
period by the short-lived cooling event at ~8,200 yr BP (Alley and Ágústsdóttir, 2005; 
Alley et al., 1997; Anderson et al., 2007; Shuman et al., 2001; Shuman et al., 2004). 
Although water level rise during this time was likely mainly controlled by isostatic rebound 
as theorized by Astley (1998) and others (Chapman, 1937; Cronin, 1977; Fillon, 1970; 
Fillon and Hunt, 1974), climatic forcing may have played a role in controlling it, as well 
as productivity. It is also interesting to note that the maximum peat deposition corresponds 
well to the warm, moist pollen zone 2, and that the division of pollen zones correlate 





Figure 2.33: Pollen diagrams illustrating the change in relative proportions of major taxa with core 
depth. The record is divided into three pollen zones, here written as P-1, P-2, and P-3. To the far 







Figure 2.34: %C data from Belrose (2015) along with relative abundances of Pine and Hemlock 
pollen from Taylor (2015). The brown shaded area represents the peat interval. AMS dates from 
Belrose (2015) and Palmer Palmer (2012) shown as red stars. 
2.6 Regional Paleoclimate Studies 
Climate is an important aspect of paleolimnological interpretation as changes in 
temperature and precipitation can influence the characteristics of sediments deposited in 
lakes. This section will briefly discuss climatic variation throughout the Holocene in 
Northeastern North America and how it relates to lake level change and fluctuations in 
sediment composition.  
The Early Holocene (~11.4-9.0 ka) is often characterized as a dry period with 
relatively low lake levels across Northeastern North America (Figure 2.35-Figure 2.37) 




Shuman et al., 2002; Yu et al., 1996). In shallow lakes, lower lake levels during this period 
are indicated by the presence of depositional hiatuses, increased influx of terrestrial 
material, and the presence of shallow water vegetation (Figure 2.35) (Dieffenbacher-Krall 
and Nurse, 2005; Shuman et al., 2002). 
Gradual warming and increased moisture began to occur at ~9.0 ka with the start 
of the Hypsithermal, a period of increased warmth during the mid-Holocene that lasted 
from ~9.0-5.3 ka (McFadden et al., 2005; Shuman et al., 2009; Yu et al., 1997). The cause 
of this warming was likely greater summer insolation in the Northern Hemisphere, which 
resulted in temperatures 2-4°C higher than today (Anderson et al., 1988; Ganopolski et al., 
1998).  
One notable exception to the warm conditions that prevailed in the Hypsithermal is 
the 8.2 ka cooling event (Alley and Ágústsdóttir, 2005; Alley et al., 1997; Anderson et al., 
2007; Shuman et al., 2002). This cooling event, lasting from ~8.4-8.0 ka, led to a globally 
recognized drop in temperature, and has been linked to the final collapse of the Laurentide 
Ice Sheet and subsequent catastrophic pro-glacial lake discharge into the North Atlantic. 
The significant influx of freshwater caused a weakening of the thermohaline circulation 
and reduced northward ocean heat transport, lowering global temperature (Alley and 
Ágústsdóttir, 2005; Alley et al., 1997; Anderson et al., 2007; Barber et al., 1999; Clarke et 
al., 2003; Shuman et al., 2002). Stager and Mayewski (1997) postulated that this event 
likely led to cold, windy, and dry conditions over much of North America. McFadden et 
al. (2005) correlated this period of cold, dry, and windy conditions to positive anomalies 
in magnetic susceptibility and decreases in %C, %N, and C/N in Lake Ontario sediments, 




to colder temperatures. A common biostratigraphic marker for this event in lacustrine 
pollen records in the Northeast is the dramatic decrease in Hemlock and a re-expansion of 
Pine, indicating cooler temperature and decreased moisture availability (Figure 2.38) 
(Shuman et al., 2002; Shuman et al., 2009). This stratigraphic marker is also present in 
Belrose’s (2015) SAB13 core at ~8.4 ka (Taylor, 2015). By ~8.0 ka, the effects of the 8.2 
ka event subsided and warmer, wetter conditions, more typical of the Hypsithermal 
returned, resulting in generally higher lake levels across the Northeast (Figure 2.36 & 
Figure 2.37).  
The following Neoglacial Period (~5.3 – 1850 AD) is characterized by a shift to 
cooler temperatures (1-2°C) and less precipitation, with renewed expansion of mountain 
glaciers in the Northern Hemisphere (Nesje and Kvamme, 1991; Ruddiman, 2001). The 
pattern of cooling observed during the Neoglacial was likely due to decreased solar 
insolation in the Northern Hemisphere (Anderson et al., 1988; Ruddiman, 2001). The drier 
conditions that persisted during the Neoglacial caused a general lowering of lake levels 
across the Northeast starting at ~6-5 ka (Figure 2.36). Depending on location, lake levels 
began to rise in the mid-late Neoglacial, a trend that has generally persisted to the present. 
There are two notable climate anomalies that occurred during the Neoglacial, the Medieval 
Warm Period (950-1259 AD), which was ~1°C warmer and drier than today, and the Little 
Ice Age (1400-1700 AD), which was ~1°C cooler (Figure 2.39) (Mann et al., 2009; 






Figure 2.35: Moisture balance, lake level, and vegetational trends in eastern N. America during the 





Figure 2.36: Comparison of lake-level changes observed for eight Northeastern lakes (Almquist et al., 
2001; Lavoie and Richard, 2000; Muller et al., 2003; Newby et al., 2000; Shuman et al., 2001; Yu et 





Figure 2.37: Lake level and climate interpretations from lakes and ponds in Northeastern North 





Figure 2.38: Fossil pollen percentages of hemlock (Tsuga) and beech (Fagus) at North Pond, 
Massachusetts plotted versus calendar years along with the oxygen isotope record from GISP2 and 
the area of the LIS over time. From Shuman et al. (2002) 
  
Figure 2.39: Reconstructed surface temperature pattern for MCA (950 to 1250 C.E.) and LIA (1400 





CHAPTER 3: METHODS 
3.1 Core Collection 
In the months of February and March of 2016, five cores (SAB16, SAB16-A, 
SAB16-B, SAB16-C, and SAB16-D) were obtained from the inner portion of Saint Albans 
Bay using a modified Reasoner piston-coring device (Figure 3.1). The cores were collected 
along a transect trending Northeast-Southwest, moving into progressively deeper water 
(Figure 3.1), and ranged in length from 1.28 to 3.04 m (Table 3.1). 
 






Figure 3.2: Bathymetric map of Saint Albans Bay (data from T.O. Manley – Middlebury College). 
Coring locations of present study area shown as red circles, past coring locations are shown as 
green circles (SAB2 – Palmer, 2012 and SAB13 – Belrose, 2015). Coupled High Intensity Radar 
Pulse (CHIRP) sonar tracks are shown as green (A-A’) and red (B-B’) dashed lines. CHIRP data 







Table 3.1: Coring locations and associated data from this study (in green) and previous studies (in 
gold) conducted in Saint Albans Bay. 
Study Core ID Date 
Collected 








SAB2006 03/2006 44.7833 -73.1500 1.43 6.0 
Palmer 
(2012) 
SAB1 03/2010 44.7967 73.1500 2.58 5.10 
Palmer 
(2012) 
SAB2 03/2010 44.7686 73.1772 2.71 11.20 
Belrose 
(2015) 
SAB13 02/2013 44.7967 73.1500 3.03 5.0 
Kraft 
(2016) 
SAB16 02/2016 44.7936 -73.1551 3.04 5.97 
Kraft 
(2016) 
SAB16-A 02/2016 44.7900 -73.1609 1.28 6.68  
Kraft 
(2016) 
SAB16-B 02/2016 44.7858 -73.1652 1.77 6.92 
Kraft 
(2016) 
SAB16-C 03/2016 44.7819 -73.1692 242 7.25 
Kraft 
(2016) 
SAB16-D 03/2016 44.7710 -73.1701 n/a n/a 
 
Coring was conducted from the frozen lake surface, which was used as a stable 
platform to core from. An ice-auger was used to create a large hole in the ice to gain access 
to the lake bottom with the coring device. The coring device consisted of a 5 m long 3-inch 
ID PVC pipe fitted with a rubber piston attached to an anchor line and used to retain the 
sediment upon core retrieval. At the top of the core head, a winch line was attached to the 
coring device to aid in removing the core tube from the lake bed. At each location, the water 
depth and ice thickness were measured using both a sonar unit and lead line prior to lowering 




The coring device was then lowered down to the sediment-water interface at which 
time, the anchor line for the rubber piston was attached to an ice screw at the surface. The 
core was hammered into the lake bottom using a slide hammer on the top of the coring 
device. Hammering continued until penetration stopped or slowed considerably. The core 
was then retrieved using a hand-operated winch, capped, and cut into 1.5 m lengths in the 
field for ease of transport back to the lab. Upon return to the lab, the cores were stored at 
~4°C in a walk-in cooler for preservation until processing. Due to the flocculant nature of 
the sediment near the sediment-water interface, the uppermost sediments in a piston core 
may be lost or disturbed during the coring process. In order to determine how much 
sediment may have been lost from each of the piston cores, gravity cores were collected in 
the same locations as the piston cores during October of 2016 using a UWITEC gravity 
corer (http://www.uwitec.at/html/corer.html).  
3.2 Laboratory Methods  
3.2.1 Core Processing  
 
The PVC tubes containing the sediment cores were cut in half lengthwise using a 
circular saw and split with a large stainless-steel blade. After separating the halves of the 
core, the sediment length was measured and labeled at a 1-cm interval prior to photographic 
documentation. One half of the core was set aside as an archive and sealed in black plastic 
whereas the other half was sampled at a 1-cm interval. During sampling, a visual 
sedimentological description was recorded for each core and any macrofossils that were 




dating.  Samples from the sub-sectioned half of the core were placed in pre-weighted 20 
ml HDPE bottles and reweighed to determine the water saturated weight of the sediment. 
These were then lyophilized and placed in a drying oven at ~50°C for 24 hours to remove 
all water. A subset of samples representing a 2-cm resolution was then milled for additional 
analyses using a mortar and pestle. The gravity cores were extruded and processed in a 
similar manner and prepared for analyses.  
3.2.2 Physical Parameters (Water Content & Bulk Density) 
Determining the water content of sediment is a straightforward process. As 
previously mentioned, 1-cm subsamples were placed into pre-weighed bottles and weighed 
again. This yielded the weight of the saturated sample in addition to the vial. Once the 
samples were dried via the procedure mentioned in the previous section, the samples were 
reweighed. 
 This yielded the dry sample weight in addition to the vial. After subtracting the 
vial weight from the wet and dry sample weights, water content was calculated using the 
following equation. 
𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = (1 − 
𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑤𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 ) ∗ 100 
Using the water content, other physical sediment characteristics were calculated 









) ∗ 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%))





𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = ( 
𝑉𝑜𝑖𝑑 𝑅𝑎𝑡𝑖𝑜
1 + 𝑉𝑜𝑖𝑑 𝑅𝑎𝑡𝑖𝑜
) ∗ 100 
𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 ∗ 1.05 𝑔/𝑐𝑚3
𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%)
 
These sediment parameters were used to better understand properties of the lake 
sediment such as sediment grain size and organic matter content.   
3.2.3 Elemental Analysis (%C, %N, & C/N) 
 
Samples from each core were analyzed at 2-cm resolution for percent organic 
carbon (%C) and percent total nitrogen (%N). This was accomplished by weighing ~20-80 
mg of finely milled sediment into a pre-weighed tin capsule on a microbalance. Samples 
were subsequently combusted in a CE Instruments NC 2500 Elemental Analyzer (EA) 
using Eager 200 data handling software whi 
ch measures the relative amount of CO2 and N2 combustion gases through 
chromatographic separation to determine %C and %N. Before beginning the analysis, the 
instrument was calibrated using known standards, which included a low organic sediment 
standard OAS B-2152 (1.65%±0.02 C, 0.14% ±0.01 N) and a high organic sediment 
standard OAS B-2150 (6.72% ±0.17C, 0.50% ±0.01 N). To ensure accuracy during 
separate sample runs, a blank was included as the first sample and sets of standards were 
included at the beginning and end of each run. Accuracy of this instrument is within ~1% 




3.2.4 Carbon Stable Isotopes  
The process of analyzing the ratio of carbon stable isotopes (13C/12C) in 
sedimentary organic matter involves combusting the sediment in a quartz tube that has 
been evacuated of air under vacuum (Boutton, 1991). Several steps are required to 
convert the sedimentary organic carbon to CO2 for analysis. First, the quartz tubes were 
filled with ~600 mg of Cupric Oxide (CuO), 500 mg of pure Copper (Cu) and ~5-400 mg 
of finely milled lake sediment. The amount of sediment used for each sample was 
determined by using the %C values from the elemental analysis and a target of ~100 
moles of CO2 from combustion of the sample. Therefore, using the %C data allowed us 
to accurately estimate the amount of sediment to use for each sample. The prepared 
samples were then sealed on a vacuum line to remove any air (from the quartz sample 
tube) prior to combustion, ensuring that the only CO2 produced is that from the burning 
of the sedimentary organic matter. The sealed sample tubes were then combusted at 
~900°C in a muffle furnace for ~2 hours. The CO2 produced from the combustion was 
then isolated from the water vapor and N2 gas on a vacuum line using cold traps 
containing liquid nitrogen (-196°C) and a liquid nitrogen/methanol solution (-85°C) 
(Boutton, 1991). The isolated CO2 was then analyzed on a V.G. SIRA II stable isotope 
ratio mass spectrometer (IRMS) at the University of Vermont Environmental Stable 
Isotope Laboratory. The analytical precision of the instrument is ±0.05‰ based on 
replicate analyses of international standard NSB-22 (-30.031 ± 0.043‰) and an internal 
lab standard “maple syrup” (-24.85 ± 0.05‰). Results are reported using a delta (δ) 




3.2.5 X-ray Fluorescence Bulk Geochemistry 
The same 2-cm subset of samples used for elemental analysis was also analyzed by 
energy dispersive x-ray fluorescence spectroscopy on a Niton Xl3t analyzer under helium 
gas stream to determine additional elemental concentrations (Zr, Sr, Rb, V, Ti, K, Al, Si, 
Mn, Fe, and Ca). These specific elements were chosen as they have proven useful in 
interpreting lacustrine sedimentary records in other studies (see section 2.3.3). The process 
of analysis involved placing the milled sample over the detector window, separated by 
polypropylene thin film, analyzing the sample on Mining Mode for a period of 90 seconds. 
Concentrations of elements measured by the instrument were reported in parts per million 
(ppm). Measurement error of the instrument was reported as two standard deviations from 
the sample mean. The average percent error for each of the elements analyzed in the 
samples from this study are presented below (Table 3.2). 
Table 3.2: Elements analyzed in this study and the average percent error for each element for the 
samples analyzed. 
















3.2.6 Grain Size Analysis  
Before running the samples on the analyzer, preparatory steps were taken to 
enhance the accuracy and interpretability of the results. The preparation of samples 
involved removing the OM and biogenic silica, ensuring that only the detrital, inorganic 
fraction of the sediment remained. Approximately 1.5-2 g of sediment was placed into 50 
ml centrifuge tubes and treated with 20ml of 35% hydrogen peroxide (H2O2) and left to 
react overnight. Once the initial reaction had stopped or slowed considerably, the samples 
were then placed into the drying oven at ~70°C to stimulate any final oxidation of OM by 
the hydrogen peroxide. The samples were then centrifuged at 3200 rpm for 25 minutes and 
the clear, sediment-free supernatant was decanted using a sipper mechanism attached to a 
vacuum line. The samples were then rinsed with ~25 ml of DI water, centrifuged, and 
rinsed using the same procedure as above.  
To remove the biogenic silica, 10 ml of 1M NaOH was added to each sample and 
reacted in a hot water bath at 70°C. After 10 minutes, the samples were removed from the 
hot water bath, shaken, and returned to the bath for an additional 10 minutes. The samples 
were then rinsed, centrifuged, and decanted twice using the same procedure as done for the 
removal of OM. Lastly, ~30-35 ml of dispersant (1% sodium hexametaphosphate 
((NaPO3)6) solution was added to each sample, which was then shaken vigorously using a 
mini-vortexer for ~30 seconds to disaggregate the sample and prevent flocculation. The 
grain size sample preparation used here was developed and modified from those used by 
Koff (2011), Dr. Jeff Munroe of Middlebury College, and the National Lacustrine Core 
Facility at the University of Minnesota. The samples were analyzed on a Horiba LA-950 




the beginning and end of each batch sample run to ensure the reproducibility of the 
measured values. Examining the shape of the grain size distributions of the replicate 
samples ensured good reproducibility.   
3.2.7 Micro/Macrofossil Analysis  
To determine the type of environment that existed during peat deposition, discrete 
1-cm subsamples from the peat horizon were processed for micro and macrofossils. This 
procedure involved deflocculating the sediment in a 10% sodium pyrophosphate (Na4P2O7) 
solution at ~60°C and subjecting the sample to sonification to further disaggregate the 
sediment. The sample was then wet sieved, retaining the size fraction >125 μm; this 
concentrated the micro/macrofossils and aided in sorting and picking. The sieved fractions 
were then examined under a stereoscopic light microscope, counting and separating 
plant/animal specimens when encountered for identification. “Picked” specimens were 
identified to the lowest taxonomic level possible according to Martin and Barkley (1961) 
and online reference specimens cataloged by the National Lacustrine Core Facility 
(LACCORE) at the University of Minnesota. The relative abundance of the taxa present 
was ranked on a scale of 1-4 (1 = “rare”, 2 = “occasional”, 3 = “frequent”, 4 = “abundant”).    
3.2.8 Sediment Chronology & Accelerator Mass Spectrometry (AMS) 14C Dating 
Eight lyophilized samples from the peat and CS intervals were sent to Beta Analytic 
in Miami, FL for AMS radiocarbon dating (Table 3.3). Samples chosen for dating were 
picked specifically to help better constrain the temporal variability of the peat. The selected 




below the peat. The two samples selected from each core were chosen to reflect the onset 
of peat deposition and the maximum productivity of the wetland as indicated by the highest 
%C values. At Beta Analytic, the samples were treated with an acid/alkali/acid treatment. 
Samples were first lightly crushed and suspended in deionized water. They were then 
treated with hot HCl to remove any carbonates present. This was followed by a washing in 
hot NaOH to remove secondary organic acids. Following the alkali treatment, the samples 
were rewashed with HCl to neutralize the solution prior to drying. Each sample was then 
separated into two fractions, an organic sediment fraction and a coarse, plant material 
fraction (Figure 3.3). 
Table 3.3: Samples used for radiocarbon dating in this study 
Core ID Interval (cm) Material Type  
SAB16 248-249 Plant material 
SAB16 284-285 Plant material 
SAB16-A 68-69 Plant material 
SAB16-A 80-81 Wood 
SAB16-B 90-91 Plant material 
SAB16-B 131-132 Wood 
SAB16-C 160-161 Plant material 






Figure 3.3: Example of plant material fraction dated from SAB16-C 160-161 cm. 
The coarse, plant fraction was chosen for dating based on visual observations that 
it was primarily composed of macrophyte remains. This fraction is thought to represent a 
more accurate date compared to the sediment organic matter fraction due to the annual 
growth pattern of macrophytes and the assumption that it was deposited in-situ rather than 
transported in.  
Following pre-treatment, the samples were combusted to convert the organic 
carbon to CO2, which was subsequently purified using cryogenic methods. The purified 
CO2 was then converted to graphite using a Cobalt catalyst via the Bosch reaction and 
mounted on a metal target (Manning and Reid, 1977). The sample “targets” and number of 
standards were then run on an atomic mass spectrometer. This involves firing Cesium ions 
(Cs+) at the sample which produces negatively ionized carbon atoms (C-) which are 
accelerated towards the positive terminal of the AMS. While traveling through the 




(C3+). A second acceleration of the carbon ions occurs as they repulse from the from the 
positive terminal which forces them through focusing magnets, where deflection occurs 
according to mass. Radiocarbon age of the samples can then be determined by comparing 
the 14C to 13C or 12C ratios of the sample material with those for targets in the same set that 
have been prepared from standards of modern age, usually NBS oxalic acid (Walker and 
Walker, 2005).  
As with any laboratory method, there is a degree of error in measuring the age of a 
sample using AMS dating techniques. The error measurement that follows all AMS dates 
reflects statistical uncertainties in the radiocarbon decay curve, error in the measurement 
of standards, and the difficulties in the quantification of naturally occurring background 
14C (Reimer et al., 2013; Telford et al., 2004; Walker and Walker, 2005).  
The radiocarbon dates were converted to calendar dates by Beta Analytic using the 
INTCAL13 calibration database, which uses data from tree rings, varves, foraminifera, and 
U-Th dates from speleothems and corals (Reimer et al., 2013). Age models were 
constructed from dates obtained in this study and previous ones (Belrose, 2015; Palmer, 
2012). Ages from previous cores were correlated with those in this study using conspicuous 
peaks in both the inorganic and organic geochemical profiles. Dates for unknown samples 
were estimated by linear interpolation between samples of known or correlated age by 
calculating the average sedimentation rate between them. To estimate the age of the bottom 
of each core, the sedimentation rate of the previous interval was extended to the bottom of 




3.3 Statistical Analyses  
Statistical analyses, similar to those conducted by Belrose (2015) and Koff (2011), 
were carried out on the proxy data using JMP 12.0 and R-studio. The purpose of conducting 
these analyses was to compare the results from the cores collected in this study to each 
other, as well as to previous results obtained from Saint Albans Bay (Belrose, 2015; 
Burgess, 2007; Palmer, 2012) and Missisquoi Bay (Belrose, 2015; Koff, 2011).  
3.3.1 Stratigraphic Cluster Analysis  
Stratigraphically constrained cluster analysis (CONISS) (Grimm, 1987) was 
carried out on the physical and geochemical proxy data (water content, bulk density, %C, 
%N, Zr, Sr, Rb, V, Ti, K, Al, Si, Mn, Fe, & Ca) using the R-programming package rioja 
(Juggins, 2009). This clustering method is similar to the standard hierarchical clustering 
method employed by Belrose (2015) and Koff (2011), however, it ensures the grouping of 
only stratigraphically adjacent samples, avoiding issues often encountered with standard 
hierarchical cluster analysis such as matching of non-adjacent samples. This clustering 
algorithm is both agglomerative and hierarchical and uses the incremental sum of squares 
method of clustering, which seeks to minimize the total within group dispersion or 
dissimilarity (Grimm, 1987).  
Prior to performing the cluster analysis, all data was standardized to reduce the 
influence of outliers and to make the comparison of variables measured in different units 
possible. Standardization is achieved by subtracting the mean and dividing by the standard 
deviation; the resulting transformation is also referred to as a z-score. The new variable is 




hence its standard deviation are 1; it is also dimensionless since the physical dimensions 
(g/cm3, mg L-1, ppm, etc.) in the numerator and denominator cancel out (Legendre and 
Legendre, 2012). The resulting standardized variables were then used to create a Euclidean 
distance matrix of the stratigraphic data, which is used as a measure of similarity or 
dissimilarity by the clustering algorithm.  
The number of potentially significant clusters or “zones” for each core was 
determined by comparing the results of the cluster analysis to a broken stick model in the 
R-package rioja (Juggins, 2009). This zonation analysis works by partitioning the total 
variance into components, each related to the allocation of samples into zones. The total 
variance can be considered as a stick of unit length, with n -1 markers positioned on it at 
random. The lengths of the n resulting segments are the proportion of total variance that 
would be owing to each level of zonation if the sequence consisted of samples with no 
stratigraphic framework. Therefore, if the reduction in variance for a zone exceeds the 
proportion expected from this model, the zone concerned accounts for more variance than 
would have been expected if the data set consisted of samples arranged at random, and 
consequently may be considered significant. The idea is that each successive “split” 
accounts for part of the total variance in the data set and this part is tested against the 
portion expected from the model (Bennett, 1996; Birks and Birks, 2006). 
3.3.2 Principal Component Analysis (PCA) 
For each core, Principal Component Analysis (PCA) based on the correlation of 
descriptors was carried out in JMP 13 on the same set of standardized proxy data used in 




Ordination is the process of plotting points along an axis representing an ordered 
relationship, or forming a scatter diagram with two or more axes (Legendre and Legendre, 
2012).  PCA is commonly used in paleolimnology to produce biplots of the objects (sites, 
subunits, cores, lakes, etc.) with respect to physical or chemical variables (Birks et al., 
2012; Jones et al., 1993; Koinig et al., 2003). Another common application is to plot the 
first few principal components stratigraphically; this provides a characterization of the 
major variations in the data. PCA is particularly useful for identifying groups of interrelated 
variables that appear as bundles of arrows in the ordination diagram, or if strongly 
negatively correlated, point in opposite directions of each other (Birks et al., 2012).  
In multi-proxy studies such as this one, it is of interest to characterize the main 
trends of variation of the subunits with respect to all descriptors, not only a few of them. 
Looking at scatter plots of the objects with respect to each individual pairs of descriptors 
is a monotonous approach, and generally does not provide adequate detail to understand 
the underlying structure of the data and the interrelatedness or lack thereof between the 
multiple variables (Legendre and Legendre, 2012). In the multivariate approach of PCA, 
all variables of interest are plotted in multidimensional space with as many axes as there 
are variables. This type of multidimensional scatterplot cannot be represented two-
dimensionally and is instead projected onto a bivariate plot whose axes account for the 
greatest possible proportion of the variance observed in the data, with lower dimensionality 
than the original multidimensional data matrix. These axes are known as the principal 






CHAPTER 4: RESULTS 
4.1 Sediment Description 
Four cores (SAB16, SAB16-A, SAB16-B, and SAB16-C) were successfully 
recovered from Saint Albans Bay (Figure 3.2). Unfortunately, the SAB16-D core was not 
recovered in its entirety due to coarse material in the lower portion of the core that 
repeatedly escaped the coring device despite multiple coring attempts. Each core that was 
recovered contained three distinct units, which could be easily visually identified. The 
lowermost portion of each core contained an interval of Champlain Sea sediment ranging 
in thickness from 9 to 58 cm (Figure 4.1). These Champlain Sea sediments are light gray-
blue in color and range from fine silt and clay in the lowermost portions, to into coarser silt 
and sand with dispersed pebbles near the upper boundary with the overlying peat. Directly 
above the Champlain Sea interval there is a sharp transition to a peat horizon ranging in 
thickness from 18 to 85 cm (Figure 4.1). Following the peat interval, there is an abrupt shift 
to more typical, non-laminated, largely fine-grained Lake Champlain sediments appearing 


















In each of the cores the transition from the blue-gray silty clay of the Champlain 
Sea to the peat horzon is rather abrupt (Figure 4.2). Approaching this transition, in all the 
cores there is a visually apparent increase in sediment grain size with sand, pebbles (Figure 
4.4), and small pieces of wood interspersed in the blue-gray silty clay. The lowermost 
portion of the peat horizon in each core contains larger pieces of wood and small twigs 
(Figure 4.5). Moving up core, there is a slight fining of the plant material, and the peat 
appears muddier. The upper boundary of the peat interval displays an abrupt change to 
brown-green, fine silty clay in SAB16, SAB16-A, and SAB16-B (Figure 4.3). In SAB16-
C, the boundary is less abrupt and the peat grades into the overlying brown-green silty clay.    
   
 
Figure 4.2: Lower peat contact with underlying Champlain Sea sediments. Images are from left to 





Figure 4.3: Upper peat contact with overlying, fine-grained Lake Champlain sediment. Images are 
from left to right: SAB16, SAB16-A, SAB16-B, and SAB16-C. The contact between the peat and 





Figure 4.4: Examples of some of the sub-angular shale and quartz-rich pebbles found in the upper 
Peat/Champlain Sea sediments. A.) SAB16-C 193-194 cm, B.) SAB16-B 144-145 cm, C.) SAB16-A 94-
95 cm, D.) SAB16-C 188-189 cm. 
 
Figure 4.5: Examples of large pieces of wood at base of peat interval. Left – SAB16-B 129-130 cm, 
Right – SAB16-C 182-183 cm. 
 
4.2 Radiocarbon Dating & Sediment Chronology 
 
Age-depth models were constructed for each core using the radiocarbon dates 
from this study and those correlated from Palmer (2012) (Table 4.1) using piece-wise 
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linear interpolation. During the process of piston coring, the uppermost sediments at the 
sediment-water interface is rarely preserved. The amount of sediment missing from the 
top of each piston core and the age of the uppermost sediments of each core was 
estimated using the offset in the peak in sediment lead concentrations between the piston 
cores and the gravity cores (Figure 4.6). Lead in lake sediment can be used as an 
anthropogenic marker for sediment age, as it is related to industrialization and the 
burning of leaded gasoline (Eisenreich et al., 1986). The deposition of anthropogenically 
sourced lead in lakes in North America peaked with the maximum usage of lead gasoline 
in ~1976-1977 and therefore, a peak in lake sediment lead concentration corresponds to 
this date (Graney et al., 1995; Renberg et al., 2001; Ritson et al., 1994). Based on the 
offset in lead peaks between the gravity cores; there is 4-cm missing from SAB16, 8-cm 
from SAB16-A, 12-cm from SAB16-B, and 6-cm from SAB16-C. 
Table 4.1: Radiocarbon and corresponding calibrated dates (yr BP) from this study and those from 
Palmer (2012). Dates from this study are highlighted in green and those from Palmer (2012) in gold.  
 
Core ID cm-level Material 14C age Calendar 
Age 
Unit 
SAB16 248-249 Plant material 8250 ± 40 9373 ± 28 Peat 
SAB16 284-285 Plant material 8530 ± 30 9515 ± 25 Peat 
SAB16-A 68-69 Plant material 8240 ± 40 9043 ± 10 Peat 
SAB16-A 80-81 Wood 8220 ± 40 9185 ± 100 Champlain Sea 
SAB16-B 90-91 Plant material 8380 ± 40 9393 ± 93 Peat 
SAB16-B 131-132 Wood 8640 ± 30 9585 ± 45 Champlain Sea 
SAB16-C 160-161 Plant material 8440 ± 40 9475 ± 50 Peat 
SAB16-C 180-181 Plant material 8660 ± 30 9613 ± 68 Peat 
SAB1 42-43 Plant material 980 ± 30 835 ± 39 Lake Champlain 
SAB1 162-163 Plant/Wood 6660 ± 35 7530 ± 58 Lake Champlain 





Figure 4.6: Plots of lead concentrations (ppm) for cores collected in this study. Gravity cores are 
denoted as “Short” and piston cores as “Long”. The offset in the peak lead concentrations was used 
to determine the amount of sediment missing from the top of the piston cores. The peak lead 
concentration was also used to determine the date of 1976, the year of peak atmospheric lead 




The dates from Palmer (2012) and Belrose (2015) were correlated to the cores from 
this study using conspicuous peaks and trends in the inorganic and organic geochemical 
records of both SAB1 and SAB13. To estimate the age of the lowermost sediments, the 
sedimentation rate from the previous interval was extended to the base of the cores. This 
same process was performed to determine the age of the uppermost sediments using the 
peak in lead concentration as a marker for the year 1976 and extrapolation of the modern 
sedimentation rate determined by Burgess (2007) via 210lead dating (0.4cm/yr). The age 
models constructed for each of the cores are presented below (Figure 4.7). The estimated 
basal ages were within ~300 years of each other. The longest record was that of SAB16-C, 
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spanning ~10,000 yrs. The oldest sediments from the other cores were slightly younger at 
~9.6, 9.7, and 9.8 ka in SAB16, SAB16-A, and SAB16-B, respectively. 
 
 
Figure 4.7: Age models constructed for all cores collected in this study using piecewise linear 
interpolation. The lowest most marker (in blue) represents the interpolated date for the bottom of 
each core. 
4.3 Proxy Descriptions  
This section provides a detailed description of the variations in proxies outlined in 
sections 2.3.1 through 2.3.4. The values of the proxy data are presented versus depth and 
estimated age. Not all analyses were carried out on all cores or the entirety of individual 
cores. For example, grain size, carbon stable isotopes, and macrofossil analyses were only 
carried out on selected samples as outlined in the methods section (CHAPTER 3). 
4.3.1Physical Parameters (Water Content & Bulk Density) & Elemental Analysis 
(%C, %N, & C/N) 
Water content and bulk density are similar in each of the sedimentological units 
across all four cores. The Champlain Sea units display the lowest water content and highest 
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bulk density. This is in sharp contrast to the peat intervals, which display the highest water 
content and lowest bulk density. The Lake Champlain units lie in between the peat interval 
and the Champlain Sea units in their water content and bulk density. 
The trends observed in the %C, %N and C/N ratios were also similar between the 
cores, but due to the differing sedimentation rates between them, they are not directly 
comparable, cm for cm. In each of the cores, the Champlain Sea sediments exhibit low %C, 
%N, and C/N ratios. The peat interval of each core displays a rapid shift to higher values 
of the aforementioned proxies, with values highest near the base of the peat, which steadily 
decrease thereafter. The transition from peat deposition to fine-grained Lake Champlain 
sediments is typified by a rapid decrease in %C, %N, and C/N. Trends in water content and 
%N mirror %C, and therefore will not be discussed in great detail. The opposite can be 
said for the relationship between %C and sediment bulk density, which appear to be 
inversely related.  
SAB16 
 Core SAB16 is the longest recovered in this study at 304 cm, spanning ~9,600 
years. The sedimentation rate for the entire core is ~32 cm/ka (cm per thousand years), the 
highest overall sedimentation rate of all cores collected. This core only captured a small, 9 
cm thick, interval of Champlain Sea sediment. The interval from 295-304 cm displays high 
sediment bulk density and low water content, %C, %N, and C/N values (Figure 4.8 & Table 
4.2-Table 4.6). At 295 cm (~9.55 ka) there is an abrupt shift to lower bulk density, and 
higher water content, %C, %N, and C/N values coinciding with the onset of peat 
deposition. %C reaches a maximum of ~23.5 at 248 cm (~9.4 ka) and decreases thereafter 
until the end of peat deposition at 210 cm (~8.6 ka). During the period of peat deposition, 
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bulk density decreases substantially and water content increases, correlating with the %C 
record. C/N values in the peat interval fluctuate from ~9.2-12.4. After 210 cm, bulk density 
increases abruptly and water content, %C, %N, and C/N decrease substantially, with %C 
and C/N reaching lows of 1.67 and 6.20 at 202 cm. After 210 cm, %C slowly increases to 
4.7 by 122 cm (~7.6 ka). C/N values begin to stabilize at ~10-11 by 140 cm, and remain in 
this range for the rest of the record with exception to slightly lower values (~9-10) from 
76-72 cm, and the upper 12 cm, where values decrease steadily from 10.5 to 8.8. From 
122-58 cm (7.6-2.9 ka) there is a clear decreasing trend in the %C record, with values 
reaching a low of 1.77 at 58 cm. From 58 to 14 cm (2.9-0.3 ka), %C increases and fluctuates 
from ~2.4-3.8. In the uppermost sediments (12-0 cm) %C increases rapidly, reaching ~5.1 
at the top of the core. In the interval from 90 to 40 cm, there is a notable increase in bulk 
density and decrease in water content, after which water content begins to increase and 




Figure 4.8: Results of core SAB16 vs. depth (cm) and age (yr BP) for %H2O, bulk density, %C, %N, 
and C/N. 
Table 4.2: Summary of water content (%) data for SAB16 by sedimentological unit (CS=Champlain 
Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 17.6 17.6 18.9 25.8 49.6 56.5 56.5 
LC 39.6 42.8 47.7 52.6 55.7 57.7 73.8 
Peat 58.5 70.8 73.8 77.1 79.6 80.9 81.9 
Table 4.3: Summary of bulk density data for SAB16 by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). Measurements of bulk density are reported in g/cm3.  
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 1.4 1.4 1.5 1.9 2.1 2.1 2.1 
LC 1.3 1.4 1.4 1.5 1.5 1.6 1.7 
Peat 1.2 1.2 1.2 1.2 1.3 1.3 1.4 
Table 4.4: Summary of percent carbon (%C) data for SAB16 by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.19 0.19 0.20 0.30 1.15 1.42 1.42 
LC 1.67 1.97 2.41 3.35 4.00 4.48 5.09 
Peat 9.04 14.77 15.56 17.51 19.69 21.32 23.52 
 91 
  
Table 4.5: Summary of percent nitrogen (%N) data for SAB16 by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.09 0.09 0.09 0.10 0.16 0.18 0.18 
LC 0.16 0.20 0.26 0.34 0.40 0.44 0.58 
Peat 0.85 1.29 1.42 1.55 1.87 2.15 2.52 
Table 4.6: Summary of C/N data for SAB16 by sedimentological unit (CS=Champlain Sea, LC=Lake 
Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 2.0 2.0 2.2 3.1 6.7 7.8 7.8 
LC 6.2 8.2 9.1 10.2 10.5 10.8 11.1 




Core SAB16-A is the shortest core recovered in this study at 128 cm in length and 
spans ~9,700 years. The average sedimentation rate for the entire core is the lowest 
recorded in Saint Albans Bay at ~13.2 cm/ka. From the base of SAB16-A at 128  to 75 cm 
(~9.7-9.1 ka), sediment bulk density is high (~1.9-2.0 g/cm3) and water content, %C, %N, 
and C/N values are very low (Figure 4.9 & Table 4.7 - Table 4.11). Throughout this 
interval, %C remains very low, never exceeding 1%. C/N show an increasing trend moving 
up core through this interval, from ~1-2 at the base of the core to ~7.5 at the contact with 
the overlying peat unit. The peat interval, from 75-57 cm (~9.1-8.4 ka), displays a rapid 
shift to higher water content, %C, %N, and C/N, as well as lower bulk density (Figure 4.9 
& Table 4.7-Table 4.11). The contact of the peat interval with the underlying unit is abrupt; 
%C increases rapidly to ~9.8 and C/N to ~17.2. From the base of the peat at 75 cm to 66 
cm, %C increases to a maximum of ~19, decreasing thereafter to ~10 at 57 cm. C/N values 
in the peat interval decrease consistently moving up core to a low of ~10.5.  
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The contact with the overlying Lake Champlain sediment is abrupt, and marked by 
a significant decrease in %C, %N, and water content and an increase in bulk density (Figure 
4.9 & Table 4.7-Table 4.11). After the rapid decrease in %C to ~2.8 at 54 cm, values 
slightly rebound and increase to 3.3 by 46 cm (~7.0 ka). After this rebound, %C decreases 
reaching 1.3 at 30 cm (~3.2 ka). From 30 cm to the top of the core, %C increases reaching 
4.7 at the top of the core. C/N values in the portion of the core from 55-0 cm are relatively 
stable, ranging from ~9-10. However, the upper 14 cm displays a slight decreasing trend, 
reaching ~8.3 in the uppermost sample. From 40-18 cm water content decreases and bulk 
density increases noticeably before reversing this trend in the uppermost 18 cm.  
 
Figure 4.9: Results of core SAB16-A vs. depth (cm) and age (yr BP) for %H2O, bulk density, %C, 
%N, and C/N. 
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Table 4.7: Summary of water content (%) data for SAB16-A by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 19.0 20.4 21.2 21.4 22.8 24.5 25.5 
LC 40.8 42.0 47.8 53.2 59.2 73.1 74.6 
Peat 52.6 54.2 69.6 75.9 77.2 77.5 77.5 
Table 4.8: Summary of bulk density data for SAB16-A by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). Measurements of bulk density are reported in g/cm3. 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 1.9 1.9 2.0 2.0 2.0 2.0 2.1 
LC 1.2 1.3 1.4 1.5 1.5 1.6 1.6 
Peat 1.2 1.2 1.2 1.2 1.3 1.5 1.5 
Table 4.9: Summary of percent carbon (%C) data for SAB16-A by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.05 0.06 0.10 0.14 0.19 0.31 0.70 
LC 1.32 1.70 2.17 2.90 3.34 4.62 4.75 
Peat 8.61 8.72 10.07 14.49 17.88 19.05 19.10 
Table 4.10: Summary of %N data for SAB16-A by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.04 0.05 0.05 0.06 0.06 0.07 0.09 
LC 0.13 0.18 0.23 0.30 0.37 0.55 0.58 
Peat 0.57 0.58 0.81 1.11 1.42 1.49 1.50 
Table 4.11:Summary of C/N data for SAB16-A by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 1.1 1.2 1.9 2.3 3.3 5.0 7.5 
LC 8.2 8.4 9.1 9.7 9.9 10.0 10.1 
Peat 10.5 10.6 11.6 12.5 14.6 17.0 17.2 
 
SAB16-B 
Core SAB16-B is of intermediate length compared to the other cores collected in 
this study. The 177 cm long record spans ~9,800 years and has an average sedimentation 
rate of ~18.1 cm/ka. The Champlain Sea interval from 177-130 cm (~9.8-9.6 ka) is 
characterized by low %C, %N, C/N, and high bulk density (Figure 4.10 & Table 4.12-
Table 4.16). Throughout this interval, %C remains very low, only exceeding 1% in the 
uppermost sample. Sediment bulk density remains high (~1.91-2.05 g/cm3) for the duration 
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of this interval with a slowly decreasing trend moving up core. C/N values remain low (< 
4) from 177-144 cm, then gradually increase, reaching ~11 at the contact with the overlying 
peat (Figure 4.10 & Table 4.12-Table 4.16). 
Above 130 cm, there is a sharp shift to higher %C, %N, C/N, and water content as 
well as an abrupt decrease in bulk density (Figure 4.10 & Table 4.12-Table 4.16) signaling 
the onset of peat deposition, which persists until 66 cm. At the base of the peat interval %C 
increases from ~15.2 to a maximum of 24.1 at 118 cm (~9.5 ka), then fluctuates from ~15-
23 until 84 cm (~9.2 ka), decreasing thereafter to a low of ~8.4 at the contact with the 
overlying unit at 66 cm (~8.3 ka). Throughout the peat interval, C/N values fluctuate from 
~9.7-12.3 with no apparent trend (Figure 4.10 & Table 4.12-Table 4.16).  
Following the period of peat deposition there is an abrupt shift to lower %C, %N, 
C/N, and water content and an increase in bulk density, indicating the transition to 
deposition of more typical fine-grained Lake Champlain sediment. This unit, from 66-0 cm 
(~8.3-0.04 ka), is characterized by less variability in the measured proxies. At the contact 
with the underlying peat, %C increases moderately from ~2.8 to 3.3 by 56 cm (~7.5 ka) 
and then decreases again, remaining in the range of ~1.5-2.9 until 8 cm. In the upper 8 cm, 
%C increases slightly reaching a maximum of ~4.3 at the top of the core. Throughout this 
unit, C/N values remain relatively stable with values in the range ~9.0-10.1 from 66-24 cm, 
before increasing slightly to ~9.6-11.5 from 22-10 cm. The upper 8 cm displays lower C/N 




Figure 4.10: Results of core SAB16-B vs. depth (cm) and age (yr BP) for %H2O, bulk density, %C, 
%N, and C/N. 
Table 4.12: Summary of water content data for SAB16-B by sedimentological unit (CS=Champlain 
Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 16.2 18.5 20.0 21.4 22.3 23.4 41.2 
LC 40.2 42.5 46.7 51.1 55.1 58.3 66.8 
Peat 64.4 69.5 75.9 80.3 82.5 83.4 84.2 
Table 4.13: Summary of bulk density data for SAB16-B by sedimentological unit (CS=Champlain 
Sea, LC=Lake Champlain, Peat=Peat). Measurements of bulk density are reported in g/cm3. 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 1.6 2.0 2.0 2.0 2.0 2.1 2.1 
LC 1.3 1.4 1.4 1.5 1.6 1.6 1.6 
Peat 1.2 1.2 1.2 1.2 1.2 1.3 1.3 
Table 4.14: Summary of percent carbon (%C) data for SAB16-B by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Level Minimum 10% 25% Median 75% 90% Maximum 
CS 0.04 0.08 0.10 0.12 0.18 0.24 7.76 
LC 0.99 1.18 1.43 2.04 4.28 5.31 6.62 




Table 4.15: Summary of %N data for SAB16-B by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.05 0.06 0.07 0.07 0.08 0.11 0.31 
LC 0.16 0.18 0.19 0.23 0.29 0.36 0.46 
Peat 0.71 0.86 1.18 1.61 1.81 1.96 2.24 
Table 4.16: Summary of C/N data for SAB16-B by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.8 1.0 1.4 1.7 4.0 7.6 10.9 
LC 8.3 9.0 9.5 9.7 10.0 10.9 11.5 
Peat 9.8 10.4 10.7 11.2 11.7 12.1 12.3 
        
 
SAB16-C 
Core SAB16-C was the second longest core collected in this study. The 242 cm 
long record spans ~10,000 years and has an average sedimentation rate of ~24.1 cm/ka. 
The lowest most unit from 242-184 cm (~10.0-9.6 ka), composed of Champlain Sea 
sediment, is characterized by low %C, %N, C/N, and water content and high bulk density 
(Figure 4.11 & Table 4.17-Table 4.21). In this interval, %C remains very low (<1%) with 
the exception of the uppermost sample at the contact with the overlying peat. The same can 
be said for C/N in this unit; values remain anomalously low (<4) until 184 cm where they 
reach 11.4.  
Transitioning into the peat interval (184-125 cm, ~9.6-8.4 ka), there is a sharp 
increase in %C, %N, C/N, and water content and a substantial decrease in bulk density 
(Figure 4.11 & Table 4.17-Table 4.21). This is similar to the changes observed in the cores 
previously discussed. %C is highest (~23.1) near the base of the peat interval at 180 cm. 
From 180-164 cm (9.6-9.5 ka), %C decreases slowly to ~15.0. From 164-136 cm (~9.5-8.6 
ka), %C fluctuates widely between ~8.1-19.1 before decreasing gradually to ~5.9 by 128 
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cm (8.4 ka). C/N values in the peat interval decrease from a maximum of ~13.8 at the base 
to ~10.3 by 164 cm. For the remainder of the unit, C/N values fluctuate in the range of 
~8.9-11.5 with no apparent trend.  
The transition from peat deposition to Lake Champlain sediment at 128 cm is more 
gradual than that observed in the other cores. It is marked by a decrease in %C, %N, and 
water content and an increase in bulk density. With the exception of a small increase from 
126-124 cm, %C decreases steadily from ~6.2 at 122 cm (~8.3 ka) to a ~1.1 at 56 cm (~4.4 
ka). From 56-12 cm (~4.4-0.7 ka), %C is low but variable, ranging from ~1.0-2.2. The 
upper 10 cm of the core display a consistent trend, increasing from 1.6 to 5.3. C/N values 
for this unit remain relatively stable from 125-90 cm (~8.4-7.5 ka), fluctuating only in the 
range of 9.9-11.0. From 90-60 cm (~7.5-4.8 ka), C/N steadily decreases from ~10.3 to 6.0, 




Figure 4.11: Results of core SAB16-C vs. depth (cm) and age (yr BP) for %H2O, bulk density, %C, 
%N, and C/N. 
Table 4.17: Summary of water content data for SAB16-C by sedimentological unit (CS=Champlain 
Sea, LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 18.3 20.4 21.8 22.8 23.6 24.4 36.4 
LC 34.5 39.8 41.8 46.6 53.9 57.1 76.2 
Peat 46.4 62.0 69.0 74.0 75.8 76.7 77.7 
Table 4.18: Summary of bulk density data for SAB16-C by sedimentological unit (CS=Champlain 
Sea, LC=Lake Champlain, Peat=Peat). Measurements of bulk density are reported in g/cm3. 
Level Minimum 10% 25% Median 75% 90% Maximum 
CS 1.7 1.9 2.0 2.0 2.0 2.0 2.1 
LC 1.2 1.4 1.5 1.6 1.6 1.7 1.7 
Peat 1.2 1.2 1.2 1.3 1.3 1.4 1.6 
Table 4.19: Summary of percent carbon (%C) data for SAB16-C by sedimentological unit 
(CS=Champlain Sea, LC=Lake Champlain, Peat=Peat). 
Level Minimum 10% 25% Median 75% 90% Maximum 
CS 0.04 0.08 0.10 0.12 0.18 0.24 7.76 
LC 0.99 1.18 1.39 2.03 4.24 4.94 6.62 
Peat 5.90 6.52 10.12 14.97 17.34 19.80 21.30 
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Table 4.20: Summary of %N data for SAB16-C by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.06 0.06 0.07 0.07 0.07 0.08 0.682 
LC 0.12 0.16 0.18 0.23 0.42 0.48 0.72 
Peat 0.61 0.69 1.03 1.42 1.51 1.71 1.78 
Table 4.21: Summary of C/N data for SAB16-C by sedimentological unit (CS=Champlain Sea, 
LC=Lake Champlain, Peat=Peat). 
Unit Minimum 10% 25% Median 75% 90% Maximum 
CS 0.6 1.1 1.5 1.7 2.7 3.0 11.4 
LC 6.0 7.4 8.0 8.8 10.2 10.6 11.0 
Peat 8.9 9.1 9.6 10.4 11.3 13.6 13.8 
 
4.3.2 Carbon Stable Isotopes  
Carbon stable isotope analysis was carried out at 4 cm resolution on the peat 
interval and immediately overlying Lake Champlain sediments of two cores, SAB16 and 
SAB16-C. Samples were specifically chosen to cover the period from the start of peat 
deposition to where %C and C/N reached a minimum in the post-peat Lake Champlain 
sediments. It is often valuable to examine C/N alongside δ13C values to aid in organic 
matter source interpretation so, the results from both analyses will be presented together 
(Figure 4.12). 
SAB16 
 The two lowest samples analyzed in core SAB16 extended into the Champlain 
Sea sediments below the peat interval. In this interval, δ13C is in the range of -26.6 –  
-26.8‰ from 302-298 cm (Figure 4.12). Moving into the peat interval, δ13C decreases 
abruptly to -27.9‰ at 294 cm (~9.56 ka), decreasing further to -28.0‰ at 290 cm (~9.54 
ka). From 290-270 cm (~9.54-9.46 ka), δ13C steadily increases from -28.0 to -25.5‰, then 
stabilizes in the range of -25.5 to -25.8‰ until 250 cm (~9.38 ka). δ13C then increases again 
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from 250-214 cm (~9.38-8.72 ka), fluctuating between -24.9 and -23.9‰. Transitioning 
from the upper boundary of the peat interval into the lower %C, Lake Champlain 
sediments, δ13C decreases from -24.9‰ at 210 cm (8.64 ka) to -25.9‰ at 202 cm (8.54 
ka). This shift to more enriched values is coincident with a substantial decrease in C/N 
from 11.2 to 6.2 and a decrease in %C from 12.4 to 1.7 (Figure 4.8 & Figure 4.12). 
SAB16-C 
 The carbon isotopic analysis of the SAB16-C core covers a substantially longer 
period (~9.62-4.62 ka) than that of SAB16 but displays similar trends in δ13C. At the base 
of the peat interval, δ13C increases from -28.4‰ at 182 (~9.62 ka) cm to -24.5‰ by 150 
cm (~9.12 ka); a substantial four per mil shift in isotopic composition (Figure 4.12). The 
steady increasing trend in δ13C during this interval is also concurrent with rapidly 
decreasing C/N values from ~13.8 to 8.0. OM is relatively enriched from 150-122 cm 
(~9.12-8.30 ka), remaining in the range of -24.2 to -25.0‰ before decreasing rapidly to  
-25.7‰ at 114 cm (~8.11 ka). For the remainder of the record analyzed (114-58 cm, ~8.11-
4.62 ka); OM remains relatively depleted ranging from ~ -25.2 to -26.1‰. The shift to 
more negative δ13C values in the post peat sediments is also coincident with a shift to lower 
%C and C/N values, similar to the trend observed in the SAB16 core (Figure 4.11 & Figure 




Figure 4.12: Results of carbon stable isotope analysis for cores SAB16 and SAB16-C vs. depth (cm) 
and age (yr BP). C/N data are also shown for comparison purposes and to aid in interpretation. The 
shaded areas of the graph represent the divisions between the sedimentological units: Green = Lake 
Champlain, Brown = Peat, and Blue = Champlain Sea.  
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4.3.3 X-ray Fluorescence Bulk Geochemistry 
Due to the large number of elements analyzed in this study, the results of the XRF 
analysis will be discussed in terms of general trends of individual or related elements, rather 
than absolute concentrations for each of the three sedimentological units defined for each 
core. This is a common practice when discussing XRF data as the trends in the 
concentrations of individual elements or groups of elements are more informative than the 
absolute concentrations, which can vary greatly in different settings (Cuven et al., 2010; 
Koinig et al., 2003; Kylander et al., 2011; Lintern et al., 2016; Naeher et al., 2013; Turner 
et al., 2015).  
SAB13 
In order to compare Belrose’s (2015) SAB13 core to the ones collected in this study, 
her core was analyzed at the same 4-cm resolution as all her prior analyses (Figure 4.13). 
The Champlain Sea interval in SAB13, from 303-236 cm (~9.7-9.4 ka) is defined by a 
decreasing trend in Sr, Si, Ti, Zr, and Al and relatively stable levels of Rb, K, V, Ca, and 
Fe. Mn at the base of the unit is initially very high from 302-286 cm (~9.7-9.6 ka), then 
rapidly drops to background levels for the remainder of the unit (Figure 4.13).   
The transition into the peat interval at 236 cm is marked by a substantial decrease 
in the concentration of all elements except for Mn, Fe, and Ca, which all increase 
substantially following the trend in %C (Figure 4.13). After the peak in %C at 198 cm; Mn, 
Fe, and Ca begin to decrease while all other elemental concentrations begin to rise. The 
rise in the aforementioned elements towards the end of the period of peat deposition at 176 
cm is more pronounced in the concentrations of Rb, K, Al, and Ti compared to other 
elements. This trend persists until 174 cm, when values begin to stabilize, remaining 
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relatively constant until 102 cm (Figure 4.13). At this point Sr, Si, and Zr begin an upward 
shift, whereas the concentrations of Rb, K, Al, Ti, Fe and V start a downward trend until 
22 cm, after which this trend reverses. The concentrations of Mn and Ca remain low and 
stay remarkably constant from the upper boundary of the peat interval at 176 cm to the top 
of the core (Figure 4.13).   
 
Figure 4.13: Results of XRF analysis for core SAB13 collected by Belrose (2015). Elemental 
concentrations are scaled to their maximum and minimum values (see Appendix Table I-1 for raw 
data). The colored shading in the figure represents the division of sedimentological units: Green = 




 As mentioned previously, the lowermost unit (304-295 cm, ~9.59-9.55 ka) in 
SAB16, interpreted as Champlain Sea sediment, is characterized by moderate 
concentrations of all elements with respect to the remainder of the core. Transitioning into 
the peat interval at 294 cm, there is an abrupt increase in Mn, Fe, V, and Ca and a generally 
downward trend in all other elements except for Si. This decreasing trend persists until the 
middle of the peat interval at 240 cm (~9.2 ka) after which, values for these elements begin 
to steadily increase.  
Si concentrations in the peat interval of SAB16 display an notable trend, different 
than what is observed in the other cores from this study and Belrose’s (2015) core. Si values 
are initially low at the base of the peat interval but gradually begin to increase at 254 cm 
(~9.4 ka). This gradual increase continues until Si reaches the highest concentration 
recorded in the entire core by 240 cm (~9.2 ka), before decreasing to values like those 
observed at the onset of peat deposition by 210 cm (~8.6 ka). This is interesting because 
the period of high Si deposition corresponds to the period of the highest %C values, a 
relationship not observed in any of the other cores.  
Moving into the Lake Champlain interval of the core (210-0 cm), concentrations 
of Mn, Fe, and and Ca decrease abruptly and remain in low-intermediate ranges until 76 
cm. From 210-124 cm (~8.6-7.6 ka), concentrations of Rb, K, Al, and V are relatively high 
but slowly decrease from 158-124 cm. In this same interval (210-124 cm), concentrations 
of Zr, Sr, and Si are low-intermediate. Ti remains stable from 206-0 cm, with only minor 
fluctuations. Starting at ~124 cm, values for Zr, Sr, and Si begin to increase slowly and Rb, 
K, Al, and V decrease at a similar rate. These same trends persist until 34 cm, becoming 
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more magnified from 76-34 cm (~4.3-1.1 ka), contemporaneous with a decrease in Mn and 
Fe, and an increase in Ca. Beginning at 32 cm (~1.0 ka), these trends reverse; Sr, Zr, and 
Si decrease and Rb, K, Al, V, Fe, and Mn increase, with Ca remaining roughly the same.                
 
 
Figure 4.14: Results of XRF analysis for core SAB16. Elemental concentrations are scaled to their 
maximum and minimum values (see Appendix Table I-3 for raw data). The colored shading in the 
figure represents the division of sedimentological units: Green = Lake Champlain, Brown = Peat, and 




The lowest most unit of the SAB16-A core (128-75cm, ~9.7-9.1 ka) is initially 
characterized by high levels of Rb, K, Al, Ti, and V, moderate levels of Fe, Ca, Mn, Zr, Sr, 
and Si. (Figure 4.15 & Appendix Table I-5). Beginning at 92 cm (~9.3 ka), concentrations 
of Zr, Sr, and Si increase substantially, whereas concentrations of all other elements 
decrease to lower levels, except for Ti, which remains relatively constant. These trends 
persist until the start of peat deposition at 75 cm (~9.1 ka).  
The peat interval, from 75-57 cm (~9.1-8.5 ka), is marked by a considerable 
increase in the levels of Mn, Fe, and Ca, as well as a pronounced decrease in all other 
elements. Moving into the Lake Champlain interval, concentrations of all elements return 
to moderate levels by 56 cm (Figure 4.15 & Appendix Table I-5). From 44-18 cm (~6.5-
0.7 ka), levels of Zr, Sr, and Si increase while Rb, K, Al, V, Fe, and Mn decrease. During 
this period, Ca and Ti remain relatively constant. From 18-0 cm, these trends reverse and 




Figure 4.15: Results of XRF analysis for core SAB16-A. Elemental concentrations are scaled to their 
maximum and minimum values (see Appendix Table I-5 for raw data). The colored shading in the 
figure represents the division of sedimentological units: Green = Lake Champlain, Brown = Peat, and 
Blue = Champlain Sea.   
SAB16-B 
 The SAB16-B core (Figure 4.16) displays overall trends similar to those of 
SAB16-A. The Champlain Sea interval is initially characterized by high levels of Rb, K, 
Al, Ti, and V, and moderate levels of Fe, Ca, Mn, Zr, Sr, and Si from 177-146 (9.8-9.65 
ka) (Figure 4.16 & Appendix Table I-7). Beginning at 144 cm, concentrations of Zr, Sr, 
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and Si begin to increase substantially, whereas concentrations of all other elements 
decrease to low levels, remaining relatively constant until the start of peat deposition 128 
cm (~9.57 ka).  
 The peat interval (130-66 cm, ~9.6-8.3 ka), is marked by a considerable increase 
in the levels of Mn, Fe, and Ca as well as a pronounced decrease in all other elements 
(Figure 4.16 & Appendix Table I-7). Starting at ~84 cm (~9.2 ka), concentrations of Rb, 
K, Al, and Ti begin to increase and remain relatively high until 54 cm (~7.2 ka). 
Transitioning into the Lake Champlain interval at 64 cm (~8.2 ka), the concentrations of 
Zr, Sr, and Si increase gradually at first, before sharply increasing at 52 cm (~6.9 ka). From 
52-12 cm (~6.9-0.7 ka), higher concentrations of Zr, Sr, and Si persist, with two peaks at 
40 cm (~5.0 ka) and 14 cm (~0.8 ka). During this same interval, the concentration of all 
other elements remains relatively low with exception to Ti, which stays relatively stable 
for the rest of the record. From 12-0 cm, there is a reversal in the trends seen in the previous 
section: concentrations of Zr, Sr, and Si decrease while Rb, K, Al, Ti, Fe, and Mn increase 




Figure 4.16: Results of XRF analysis for core SAB16-B. Elemental concentrations are scaled to their 
maximum and minimum values (see Appendix Table I-7 for raw data). The colored shading in the 
figure represents the division of sedimentological units: Green = Lake Champlain, Brown = Peat, and 
Blue = Champlain Sea.   
SAB16-C 
 The SAB16-C core displays similar trends to SAB16-A and SAB16-B but at a 
higher resolution due to the greater core length (Figure 4.17). As with SAB16-A and 
SAB16-B, the lowermost sediments of the Champlain Sea interval (242-214 cm, ~10.0-9.8 
ka) are characterized by moderate concentrations of Zr, Sr, Si, Fe, Mn and Ca and high 
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concentrations of Rb, K, Al, Ti, and V (Figure 4.17 & Appendix Table I-9). Beginning at 
212 cm (~9.8 ka), concentrations of Zr, Sr, Si, and Ca increase, while all other elements 
decrease. These trends remain constant until the start of peat deposition at 184 cm (~9.6 
ka). The period of peat deposition (184-125 cm, ~9.6-8.4 ka) is characterized by an abrupt 
increase in Mn, Fe, and Ca as well as a precipitous decrease in the concentration of all other 
elements (Figure 4.17 & Appendix Table I-9). The upper portion of the peat interval (148-
126 cm, ~9.0-8.4 ka), displays an increase in the concentrations of Zr, Si, Rb, K, Al, and 
Ti as well as a decrease in Fe, Mn, and Ca. 
 Moving into the Lake Champlain section of the core, the interval from 124-78 cm 
(~8.4-6.4 ka) displays relatively moderate and stable levels of all elements except for Mn, 
Fe and Ca, which remain quite low. From 76-28 cm (~6.2-1.9 ka) there is a slight increase 
in the concentrations of Zr, Sr, and Si and a slight decrease in Rb, K, Al, Ti, and V, with 
Fe, Mn, and Ca remaining relatively stable. Beginning at 26 cm (~1.7 ka), there is a sudden 
increase in Zr, Sr, and Si and an equally large decrease in Rb, K, Al, Ti, V, and Fe, which 
lasts until 8 cm (~0.3 ka) (Figure 4.17 & Appendix Table I-9). These trends reverse in the 




Figure 4.17: Results of XRF analysis for core SAB16-C. Elemental concentrations are scaled to their 
maximum and minimum values (see Appendix Table I-9 for raw data). The colored shading in the 
figure represents the division of sedimentological units: Green = Lake Champlain, Brown = Peat, and 




4.3.4 Grain Size Analysis  
Grain size analysis was carried out on the entire Champlain Sea interval for each of 
the cores collected in this study, with the addition of Belrose’s (2015) SAB13 core, in order 
to help better understand the changes in water level that occurred at the end of the 
Champlain Sea period. Cores SAB16-A, SAB16-B, and SAB16-C were analyzed at a 2-
cm resolution to match other analyses. Due to the small number of samples in the 
Champlain Sea interval of SAB16, it was analyzed at a 1-cm resolution. Belrose’s (2015) 
SAB13 core was analyzed at the same 4-cm resolution as her other analyses. Mean grain 
size (GS) is generally reported in other studies as the most archetypal statistic generated 
from grain size analysis (Last and Smol, 2006) and is thus reported here alongside the 
volume percentage of each sediment size class, e.g. sand, silt, and clay. Based on the results 
from the grain size analysis, the lowermost Champlain Sea sediments are characterized by 
fine-grained sediment (clay and silt), whereas the uppermost contain a larger proportion of 
sand sized sediment interspersed with numerous pebbles (Figure 4.18 - Figure 4.22).    
SAB13 
Belrose’s (2015) SAB13 core displays the lowest overall mean GS of the cores 
analyzed. In the Champlain Sea sediments of SAB13, mean GS fluctuates from a low of 
5.0 μm to a maximum of 9.2 μm (Figure 4.18). There is no apparent trend in mean GS, just 
two noticeable peaks at 290 and 242 cm (~9.65 & 9.43 ka). Moving up core, there is a 
slight decrease in the amount of silt and an increase is clay sized material. Sand sized 
sediment is almost completely absent from this interval, with the exception of a small 





Figure 4.18: Results of the grain size analysis for the SAB13 core Champlain Sea sequence (left vs. 
depth, right vs. age). Peat = Brown CS = Blue.   
 
SAB16 
As mentioned in the introduction to this section, SAB16 contains only a small 
interval of Champlain Sea sediment. Mean GS in SAB16 ranges from a low of 5.1μm at 
the base of the core (302 cm, ~9.59 ka) to a high of 12.1 μm at 298 cm (~9.57 ka) (Figure 
4.19). Except for the lowermost sample, there is a very small amount of sand present in all 




Figure 4.19: Results of the grain size analysis for the SAB16 core Champlain Sea sequence (left vs. 
depth, right vs. age). Peat = Brown CS = Blue.   
 
SAB16-A 
 In the Champlain Sea sequence of SAB16-A, mean GS is initially low from 126-
92 cm (~9.73-9.33 ka), ranging from 3.4 to 6.7 μm, with no sand sized sediment present. 
Above 92 cm, there is a sharp transition to higher and more variable mean GS and an 
increase in sand-sized sediment. In the interval from 92-76 cm (~9.33-9.14 ka), mean GS 
reaches a maximum at 86 cm (~9.26 ka), coinciding with the highest percentage of sand 
sized sediment (7.3%). This interval is also considerably more variable than the lower unit, 




Figure 4.20: Results of the grain size analysis for the SAB16-A core Champlain Sea sequence (left vs. 
depth, right vs. age). Peat = Brown CS = Blue.   
 
SAB16-B 
 SAB16-B displays trends in GS like those of SAB16-A. In the Champlain Sea 
sequence of SAB16-B, mean GS is initially low but variable from 176-146 cm (~9.80-9.65 
ka), ranging from 3.2-10.6 μm (Figure 4.21). During this period, deposition is dominated 
by clay and silt sized sediment with only small amounts of sand (<2.5%). From 146-130 
cm (~9.65-9.58 ka), there is a significant increase in both mean GS and grain size 
variability. A large peak in mean GS, reaching 26.5 μm, is observed from 144-142 cm 
(~9.65-9.64 ka) (Figure 4.21). This peak in mean GS is concurrent with an increase in the 
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percentage of sand sized sediment to 12.2% and a substantial decrease in clay sized 
sediment. From 142-130 cm (~9.64-9.58 ka) there is a minor decrease in mean GS with 
values fluctuating from 5.7-16.2 μm (Figure 4.21).      
 
Figure 4.21: Results of the grain size analysis for the SAB16-B core Champlain Sea sequence (left vs. 
depth, right vs. age). Peat = Brown CS = Blue.   
 
SAB16-C 
The Champlain Sea unit of SAB16-C displays similar trends to both SAB16-A and 
SAB16-B. From the base of the core to 204 cm (10-9.79 ka) mean GS is low, fluctuating 
from ~4.2-9.8 μm. This interval is dominated by deposition of silt and clay sized sediment 
with only a few samples containing a small percentage of sand (< 2.7%). Above 204 cm, 
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mean GS increases rapidly to a high of 32.0 μm at 196 cm (~9.71 ka), coinciding with the 
largest proportion of sand sized sediment (15.9%).    
 
Figure 4.22: Results of the grain size analysis for the SAB16-C core Champlain Sea sequence (left vs. 
depth, right vs. age). Peat = Brown CS = Blue.   
 
Reproducibility of Grain Size Analyses 
 Several duplicates were run for each core to ensure the reproducibility of the 
results (see Figure 4.23 for examples). The grain size distributions for the replicate analyses 
were very similar and the mean grain sizes did not vary noticeably. Only one duplicate was 
run for select samples, so a statistical analysis of the reproducibility was not conducted, 
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but, based on prior investigations by Dr. Jeff Munroe (Middlebury College), the analytical 
error of the instrument is negligible.    
 
Figure 4.23: Side by side comparisons of duplicate sample runs for selected samples from cores 
SAB16-B and SAB16-C.  
 
Geochemical Indictors of Grain Size 
The ratio of Zirconium to Rubidium (Zr/Rb) is a commonly used proxy for mean 
grain size due to the associations of these elements with specific minerals (Cuven et al., 
2010; Dypvik and Harris, 2001; Koinig et al., 2003; Kylander et al., 2011; Lintern et al., 
2016). Zirconium is typically associated with sand sized sediments and weathering 
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resistant minerals such as zircon whereas Rubidium is often associated with clay minerals 
where it commonly substitutes for K+ in clay minerals (De Vos et al., 2006; Dypvik and 
Harris, 2001; Koinig et al., 2003; Salminen et al., 2005). Comparing the values for Zr/Rb 
to mean grain size in samples from the Champlain Sea sequence of the cores collected from 
the bay, we see there is indeed a very strong relationship the two variables (Figure 4.24) 
(p-value: < 2.2e-16, R-squared:  0.6193). 
 
Figure 4.24: Mean grain size (μm) vs. Zr/Rb for Champlain Sea samples for all cores analyzed. 
 
4.3.5 Micro & Macrofossils  
It would be incorrect to refer to the remains of plant and animal remains in a 
sediment core of this age as “fossils” as they have not undergone any substantial alteration 
since their deposition and will therefore be referred to as subfossils. Due to the differing 
thickness of the peat horizon in each of the cores, they were analyzed at a slightly different 
sampling interval; SAB16 at 8-cm and SAB16-C at 6-cm. These cores were chosen 
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specifically because they occupied distinctly different parts of the bay, showed the greatest 
peat thickness, and were the same analyzed for carbon stable isotopes. 
  
SAB16  
 The samples closest to the base of the peat interval (294-282 cm, ~9.56-9.51 ka) 
are dominated by the emergent macrophytes Ranunculus, Cyperaceae, Equisetum, and 
Hippuris vulgaris (Figure 4.25). During this early period of peat deposition, Cyperaceae 
was the most commonly encountered seed type. This group of plants includes many 
different types of sedges. Due to difficulty in identifying seeds in this family to 
genus/species level they were not identified any further, but, based on the morphology of 
the seeds recovered, they appear to be species of Schoenoplectus or Scirpus, commonly 
referred to as bulrushes. Ranunculus, another type of wetland plant found in this interval, 
is most likely of the species abortivus (little-leaf buttercup), a relatively common emergent 
wetland plant. Hippuris vulgaris (mare’s tail) seeds and Equisetum (horsetail) fragments 
were also recovered in lower numbers in this interval, both being emergent-herbaceous 
wetland plants. During this period, we also see the appearance, albeit at low numbers, of 
testate amoeba, freshwater bryozoan statoblasts of the genera Plumatella and Cristatella, 
and freshwater cyanobacteria bacteria of the genus Gloeotrichia. Chara, a group of rooted, 
submerged macro-algae also appear at 282 cm but at low numbers.  
By 274 cm (~9.48 ka), the emergent plants mentioned above disappear entirely 
and begin to be replaced by Najas flexilis (slender naiad), Nymphaeaceae (water lilies), 
and higher numbers of Chara oospores. The interval from 274-242 cm (~9.48-9.26 ka) 
marks a shift from emergent macrophytes, dominant in the previous section, to a mixed 
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assemblage of submerged and floating leaved plant groups with the appearance of 
Nymphaeaceae, Najas flexilis, Potamogeton (pondweed), and greater abundance of Chara 
oospores. During this period, the relative abundances of testate amoebae, bryozoans, and 
Gloeotrichia increase as well. 
Seeds of floating leaved macrophytes disappear entirely by 234 cm (~9.11 ka) and 
are replaced by higher numbers of Najas flexilis seeds and Chara oospores. The 
disappearance of floating leaved plants is also coincident with a decrease in the number of 
bryozoan statoblasts and testate amoeba tests. From 234-146 cm (~9.11-7.85 ka) the only 
identifiable macrophyte remains recovered were those of Najas flexilis and Chara, with 
both becoming gradually sparser moving up core and Najas disappearing by 162 cm (~8.1 
ka). In this same interval, the relative abundance of Gloeotrichia colonies, bryozoan 





Figure 4.25: Diagram of subfossil abundance in core SAB16. “Plus” denotes the presence and relative 
abundance on a scale of 1-4 (see section 3.2.7). Plant types are divided by type: emergent, floating-
leaved, and submerged. The colored shading in the digram represents the sedimentological divisions 
of the core: Blue = CS, Brown = Peat, Green = LC. 
SAB16-C 
 The SAB16-C core displays similar trends in subfossil composition and 
macrophyte succession as SAB16. The lowest samples of the peat interval (182-170 cm, 
~9.62-9.53 ka) are dominated by the emergent taxa Ranunculus, Cyperaceae, Equisetum, 
and Hippuris vulgaris (Figure 4.26). As with SAB16, the most abundant macrophyte 
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remains in the lower peat samples are seeds of Cyperaceae, likely species of 
Schoenoplectus or Scirpus. In this same interval are fragments of Equisetum and seeds of 
Hippuris vulgaris and Ranunculus. We also see the appearance of Gloeotrichia, testate 
amoeba, and freshwater bryozoans Cristatella and Plumatella during this period. Also, by 
176 cm a small number of submerged macrophtye remains appear, namely Chara oospores 
and seeds of Najas flexilis. 
By 164 cm (~9.49 ka), emergent taxa completely disappear and floating leaved taxa 
Nymphaeaceae and Potamogeton seeds appear in the samples. The interval from 164-152 
cm (~9.49-9.19 ka) is typified by the presence of floating leaved macrophytes and the 
maximum abundances of Gloeotrichia, testate amoeba, and freshwater bryozoans 
Cristatella and Plumatella. Numbers of Najas flexilis seeds and Chara oospores also begin 
to increase later in this period. Remains of floating leaved macrophytes disappear by 146 
cm (~8.98 ka) and the abundance of Gloeotrichia, testate amoeba, Cristatella, and 
Plumatella decrease.  
From 146-128 cm (~8.98-8.45 ka) the abundance of Chara oospores and seeds of 
Najas flexilis increase to their highest abundances and begin to decrease thereafter. By 110 
cm (~8.09 ka) only small numbers of Chara oospores and seeds of Najas flexilis were 
recovered, while the relative abundances of Gloeotrichia, testate amoeba, Cristatella, and 





Figure 4.26: Diagram of subfossil abundance in core SAB16-C. “Plus” denotes the presence and 
relative abundance on a scale of 1-4 (see section 3.2.7). Plant types are divided by type: emergent, 
floating-leaved, and submerged. The colored shading in the digram represents the sedimentological 





Figure 4.27: Examples of some of the subfossils found in the peat interval. A.) Hippuris vulgaris seeds, 
B.) Potamogeton seed, C.) Cyperaceae seeds, D.) Nympheaceae seed, E.) Najas flexilis seed, F.) Chara 
oospore, G.) Gloeotrichia colony, H.) Cyperaceae seeds, I.) Cristatella mucedo statoblast, J.) Plumatella 
statoblast. 
4.4 Statistical Analyses 
Before exploring the data from each core using multivariate methods, the 
relationship between individual variables was examined using bivariate statistics. The 
relationships between individual pairs of proxies remained relatively consistent between 
each of the cores. Due to these similarities, generalizations of the relationships between 
individual and groups of variables will be made.  
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Across all the cores water content and indicators of organic matter, e.g. %C and 
%N, show strong positive correlations (Table 4.22 - Table 4.26). This group of variables 
(%C, %N, & WC) is most strongly negatively correlated to bulk density, Zr, Sr, Si, Ti, and 
Al, and most positively correlated with Ca, Mn, and Fe. There appears to be no significant 
relationship of this group of variables with K, Rb, and V. The positive relationship between 
bulk density, Zr, Sr, and Si is relatively strong across all cores, and this group of variables 
is also moderately well correlated with Ti and Al. K, Rb, and V display a strong positive 
correlation across all the cores and are also positively correlated with Ti and Al. This group 
of elements is also weakly positively correlated with Fe, Mn, and Ca, but to a lesser degree 
than the relationship between them and WC, %C, and %N. Although there is a moderately 
strong relationship between Ti and Al with bulk density, Zr, Sr and Si, their relationship 
with Rb, K, and V is greater. Fe, Mn, and V are moderately well correlated across all cores; 
this is interesting as V is not well correlated with other elements that Fe and Mn are 
commonly associated with. This relationship is likely due to the redox sensitive nature of 
these elements and the association of V with detrital Fe-oxides, hydrous oxides of Fe and 










Table 4.22: Correlation coefficients for SAB13 proxy values. Conditional highlighting indicates the 
strength of the relationship between pairs; strong positive correlations are in blue and strong 
negative correlations are shown in red.  
 WC BD C N C:N Zr Sr Si Rb K Al Ti V Fe Mn Ca 
WC 1.00 -0.99 0.84 0.84 0.29 -0.52 -0.72 -0.88 0.02 -0.09 -0.58 -0.66 0.09 0.63 0.14 0.55 
BD -0.99 1.00 -0.75 -0.75 -0.36 0.44 0.74 0.83 -0.05 0.09 0.54 0.59 -0.07 -0.54 -0.01 -0.43 
C 0.84 -0.75 1.00 0.99 0.22 -0.61 -0.44 -0.84 -0.18 -0.19 -0.63 -0.79 0.05 0.70 0.44 0.87 
N 0.84 -0.75 0.99 1.00 0.14 -0.61 -0.45 -0.85 -0.16 -0.17 -0.62 -0.77 0.06 0.72 0.45 0.87 
C:N 0.29 -0.36 0.22 0.14 1.00 0.10 0.05 -0.09 -0.26 -0.34 -0.40 -0.34 -0.29 -0.22 -0.45 0.12 
Zr -0.52 0.44 -0.61 -0.61 0.10 1.00 0.48 0.76 -0.56 -0.61 -0.16 0.12 -0.72 -0.92 -0.61 -0.53 
Sr -0.72 0.74 -0.44 -0.45 0.05 0.48 1.00 0.70 -0.35 -0.24 0.15 0.21 -0.36 -0.61 -0.10 -0.06 
Si -0.88 0.83 -0.84 -0.85 -0.09 0.76 0.70 1.00 -0.22 -0.16 0.38 0.55 -0.31 -0.85 -0.40 -0.62 
Rb 0.02 -0.05 -0.18 -0.16 -0.26 -0.56 -0.35 -0.22 1.00 0.96 0.76 0.65 0.84 0.47 0.18 -0.32 
K -0.09 0.09 -0.19 -0.17 -0.34 -0.61 -0.24 -0.16 0.96 1.00 0.83 0.68 0.88 0.49 0.28 -0.24 
Al -0.58 0.54 -0.63 -0.62 -0.40 -0.16 0.15 0.38 0.76 0.83 1.00 0.93 0.64 0.02 0.09 -0.54 
Ti -0.66 0.59 -0.79 -0.77 -0.34 0.12 0.21 0.55 0.65 0.68 0.93 1.00 0.43 -0.23 -0.12 -0.73 
V 0.09 -0.07 0.05 0.06 -0.29 -0.72 -0.36 -0.31 0.84 0.88 0.64 0.43 1.00 0.64 0.41 -0.02 
Fe 0.63 -0.54 0.70 0.72 -0.22 -0.92 -0.61 -0.85 0.47 0.49 0.02 -0.23 0.64 1.00 0.67 0.58 
Mn 0.14 -0.01 0.44 0.45 -0.45 -0.61 -0.10 -0.40 0.18 0.28 0.09 -0.12 0.41 0.67 1.00 0.56 
Ca 0.55 -0.43 0.87 0.87 0.12 -0.53 -0.06 -0.62 -0.32 -0.24 -0.54 -0.73 -0.02 0.58 0.56 1.00 
 
Table 4.23: Correlation coefficients for SAB16 proxy values. Conditional highlighting indicates the 
strength of the relationship between pairs; strong positive correlations are in blue and strong 
negative correlations are shown in red. 
 WC BD C N C/N Zr Sr Si Rb K Al Ti V Fe Mn Ca 
WC 1.00 -0.99 0.89 0.89 0.44 -0.84 -0.55 -0.37 0.03 0.21 -0.39 -0.67 0.47 0.82 0.89 0.73 
BD -0.99 1.00 -0.83 -0.82 -0.49 0.80 0.58 0.38 -0.08 -0.23 0.34 0.62 -0.48 -0.78 -0.83 -0.66 
C 0.89 -0.83 1.00 0.99 0.39 -0.82 -0.39 -0.35 -0.23 0.03 -0.58 -0.81 0.34 0.83 0.95 0.88 
N 0.89 -0.82 0.99 1.00 0.31 -0.83 -0.39 -0.38 -0.21 0.05 -0.57 -0.81 0.33 0.83 0.94 0.87 
C/N 0.44 -0.49 0.39 0.31 1.00 -0.07 -0.11 0.05 -0.36 -0.33 -0.50 -0.36 -0.05 0.15 0.22 0.30 
Zr -0.84 0.80 -0.82 -0.83 -0.07 1.00 0.63 0.56 -0.31 -0.51 0.12 0.60 -0.65 -0.92 -0.91 -0.68 
Sr -0.55 0.58 -0.39 -0.39 -0.11 0.63 1.00 0.22 -0.41 -0.51 -0.12 0.21 -0.66 -0.54 -0.47 -0.01 
Si -0.37 0.38 -0.35 -0.38 0.05 0.56 0.22 1.00 -0.46 -0.44 -0.07 0.31 -0.34 -0.61 -0.39 -0.30 
Rb 0.03 -0.08 -0.23 -0.21 -0.36 -0.31 -0.41 -0.46 1.00 0.91 0.83 0.46 0.67 0.27 0.01 -0.32 
K 0.21 -0.23 0.03 0.05 -0.33 -0.51 -0.51 -0.44 0.91 1.00 0.76 0.33 0.82 0.52 0.28 -0.11 
Al -0.39 0.34 -0.58 -0.57 -0.50 0.12 -0.12 -0.07 0.83 0.76 1.00 0.80 0.45 -0.09 -0.35 -0.61 
Ti -0.67 0.62 -0.81 -0.81 -0.36 0.60 0.21 0.31 0.46 0.33 0.80 1.00 0.06 -0.52 -0.68 -0.78 
V 0.47 -0.48 0.34 0.33 -0.05 -0.65 -0.66 -0.34 0.67 0.82 0.45 0.06 1.00 0.67 0.53 0.13 
Fe 0.82 -0.78 0.83 0.83 0.15 -0.92 -0.54 -0.61 0.27 0.52 -0.09 -0.52 0.67 1.00 0.89 0.65 
Mn 0.89 -0.83 0.95 0.94 0.22 -0.91 -0.47 -0.39 0.01 0.28 -0.35 -0.68 0.53 0.89 1.00 0.84 




Table 4.24: Correlation coefficients for SAB16-A proxy values. Conditional highlighting indicates the 
strength of the relationship between pairs; strong positive correlations are in blue and strong 
negative correlations are shown in red. 
 WC BD C N C/N Zr Sr Si Rb K Al Ti V Fe Mn Ca 
WC 1.00 -0.99 0.79 0.84 0.86 -0.28 -0.77 -0.41 -0.23 -0.52 -0.63 -0.37 -0.21 0.38 0.59 0.44 
BD -0.99 1.00 -0.73 -0.79 -0.88 0.21 0.78 0.34 0.27 0.56 0.65 0.35 0.27 -0.30 -0.51 -0.37 
C 0.79 -0.73 1.00 0.98 0.74 -0.39 -0.40 -0.77 -0.40 -0.51 -0.67 -0.70 -0.19 0.59 0.89 0.88 
N 0.84 -0.79 0.98 1.00 0.72 -0.43 -0.50 -0.74 -0.33 -0.48 -0.63 -0.63 -0.15 0.64 0.87 0.81 
C/N 0.86 -0.88 0.74 0.72 1.00 0.09 -0.49 -0.34 -0.60 -0.81 -0.86 -0.55 -0.57 0.07 0.43 0.48 
Zr -0.28 0.21 -0.39 -0.43 0.09 1.00 0.52 0.60 -0.58 -0.47 -0.26 0.07 -0.64 -0.85 -0.65 -0.31 
Sr -0.77 0.78 -0.40 -0.50 -0.49 0.52 1.00 0.24 -0.21 0.11 0.23 0.05 -0.09 -0.43 -0.33 0.01 
Si -0.41 0.34 -0.77 -0.74 -0.34 0.60 0.24 1.00 0.13 0.16 0.40 0.78 -0.10 -0.79 -0.86 -0.78 
Rb -0.23 0.27 -0.40 -0.33 -0.60 -0.58 -0.21 0.13 1.00 0.93 0.86 0.68 0.85 0.32 -0.08 -0.44 
K -0.52 0.56 -0.51 -0.48 -0.81 -0.47 0.11 0.16 0.93 1.00 0.95 0.66 0.86 0.25 -0.15 -0.41 
Al -0.63 0.65 -0.67 -0.63 -0.86 -0.26 0.23 0.40 0.86 0.95 1.00 0.78 0.75 0.03 -0.35 -0.54 
Ti -0.37 0.35 -0.70 -0.63 -0.55 0.07 0.05 0.78 0.68 0.66 0.78 1.00 0.45 -0.34 -0.58 -0.74 
V -0.21 0.27 -0.19 -0.15 -0.57 -0.64 -0.09 -0.10 0.85 0.86 0.75 0.45 1.00 0.47 0.17 -0.13 
Fe 0.38 -0.30 0.59 0.64 0.07 -0.85 -0.43 -0.79 0.32 0.25 0.03 -0.34 0.47 1.00 0.77 0.50 
Mn 0.59 -0.51 0.89 0.87 0.43 -0.65 -0.33 -0.86 -0.08 -0.15 -0.35 -0.58 0.17 0.77 1.00 0.88 
Ca 0.44 -0.37 0.88 0.81 0.48 -0.31 0.01 -0.78 -0.44 -0.41 -0.54 -0.74 -0.13 0.50 0.88 1.00 
 
Table 4.25: Correlation coefficients for SAB16-B proxy values. Conditional highlighting indicates the 
strength of the relationship between pairs; strong positive correlations are in blue and strong 
negative correlations are shown in red. 
 WC BD C N C/N Zr Sr Si Rb K Al Ti V Fe Mn Ca 
WC 1.00 -0.99 0.88 0.87 0.84 -0.70 -0.66 -0.76 -0.21 -0.32 -0.75 -0.75 -0.01 0.68 0.76 0.60 
BD -0.99 1.00 -0.80 -0.79 -0.90 0.61 0.68 0.67 0.26 0.41 0.78 0.69 0.10 -0.59 -0.67 -0.51 
C 0.88 -0.80 1.00 1.00 0.61 -0.82 -0.39 -0.84 -0.16 -0.11 -0.65 -0.82 0.16 0.77 0.93 0.85 
N 0.87 -0.79 1.00 1.00 0.58 -0.83 -0.40 -0.84 -0.14 -0.09 -0.63 -0.81 0.17 0.78 0.93 0.85 
C/N 0.84 -0.90 0.61 0.58 1.00 -0.27 -0.56 -0.42 -0.53 -0.69 -0.87 -0.61 -0.40 0.28 0.40 0.34 
Zr -0.70 0.61 -0.82 -0.83 -0.27 1.00 0.46 0.87 -0.38 -0.37 0.21 0.61 -0.56 -0.91 -0.89 -0.66 
Sr -0.66 0.68 -0.39 -0.40 -0.56 0.46 1.00 0.52 -0.08 0.16 0.38 0.50 -0.05 -0.53 -0.23 0.10 
Si -0.76 0.67 -0.84 -0.84 -0.42 0.87 0.52 1.00 -0.19 -0.17 0.39 0.79 -0.39 -0.94 -0.81 -0.60 
Rb -0.21 0.26 -0.16 -0.14 -0.53 -0.38 -0.08 -0.19 1.00 0.90 0.75 0.28 0.79 0.35 0.06 -0.18 
K -0.32 0.41 -0.11 -0.09 -0.69 -0.37 0.16 -0.17 0.90 1.00 0.80 0.30 0.83 0.35 0.15 -0.00 
Al -0.75 0.78 -0.65 -0.63 -0.87 0.21 0.38 0.39 0.75 0.80 1.00 0.71 0.52 -0.20 -0.42 -0.47 
Ti -0.75 0.69 -0.82 -0.81 -0.61 0.61 0.50 0.79 0.28 0.30 0.71 1.00 0.02 -0.65 -0.64 -0.56 
V -0.01 0.10 0.16 0.17 -0.40 -0.56 -0.05 -0.39 0.79 0.83 0.52 0.02 1.00 0.54 0.38 0.19 
Fe 0.68 -0.59 0.77 0.78 0.28 -0.91 -0.53 -0.94 0.35 0.35 -0.20 -0.65 0.54 1.00 0.80 0.54 
Mn 0.76 -0.67 0.93 0.93 0.40 -0.89 -0.23 -0.81 0.06 0.15 -0.42 -0.64 0.38 0.80 1.00 0.91 





Table 4.26: Correlation coefficients for SAB16-C proxy values. Conditional highlighting indicates the 
strength of the relationship between pairs; strong positive correlations are in blue and strong 
negative correlations are shown in red. 
 WC BD C N C/N Zr Sr Si Rb K Al Ti V Fe Mn Ca 
WC 1.00 -0.99 0.82 0.84 0.82 -0.63 -0.61 -0.66 0.14 -0.00 -0.51 -0.37 0.30 0.62 0.65 0.45 
BD -0.99 1.00 -0.75 -0.77 -0.87 0.56 0.65 0.63 -0.10 0.06 0.52 0.40 -0.21 -0.52 -0.56 -0.37 
C 0.82 -0.75 1.00 0.99 0.65 -0.75 -0.24 -0.75 0.04 0.01 -0.53 -0.38 0.38 0.72 0.88 0.85 
N 0.84 -0.77 0.99 1.00 0.62 -0.76 -0.29 -0.74 0.07 0.04 -0.51 -0.36 0.40 0.77 0.86 0.81 
C/N 0.82 -0.87 0.65 0.62 1.00 -0.35 -0.52 -0.57 -0.08 -0.27 -0.60 -0.51 -0.03 0.24 0.38 0.32 
Zr -0.63 0.56 -0.75 -0.76 -0.35 1.00 0.49 0.78 -0.62 -0.57 -0.03 0.00 -0.74 -0.87 -0.77 -0.54 
Sr -0.61 0.65 -0.24 -0.29 -0.52 0.49 1.00 0.51 -0.53 -0.31 -0.02 0.04 -0.33 -0.44 -0.09 0.28 
Si -0.66 0.63 -0.75 -0.74 -0.57 0.78 0.51 1.00 -0.31 -0.21 0.29 0.37 -0.41 -0.69 -0.59 -0.49 
Rb 0.14 -0.10 0.04 0.07 -0.08 -0.62 -0.53 -0.31 1.00 0.91 0.69 0.59 0.78 0.54 0.22 -0.16 
K -0.00 0.06 0.01 0.04 -0.27 -0.57 -0.31 -0.21 0.91 1.00 0.79 0.62 0.80 0.57 0.23 -0.07 
Al -0.51 0.52 -0.53 -0.51 -0.60 -0.03 -0.02 0.29 0.69 0.79 1.00 0.76 0.44 0.05 -0.29 -0.46 
Ti -0.37 0.40 -0.38 -0.36 -0.51 0.00 0.04 0.37 0.59 0.62 0.76 1.00 0.44 0.07 -0.07 -0.29 
V 0.30 -0.21 0.38 0.40 -0.03 -0.74 -0.33 -0.41 0.78 0.80 0.44 0.44 1.00 0.74 0.53 0.26 
Fe 0.62 -0.52 0.72 0.77 0.24 -0.87 -0.44 -0.69 0.54 0.57 0.05 0.07 0.74 1.00 0.72 0.50 
Mn 0.65 -0.56 0.88 0.86 0.38 -0.77 -0.09 -0.59 0.22 0.23 -0.29 -0.07 0.53 0.72 1.00 0.85 
Ca 0.45 -0.37 0.85 0.81 0.32 -0.54 0.28 -0.49 -0.16 -0.07 -0.46 -0.29 0.26 0.50 0.85 1.00 
 
4.4.1 Stratigraphic Cluster Analysis 
The stratigraphically constrained cluster analysis revealed a different number of 
groups for each core, but some interesting trends in the division of clusters were observed 
(Figure 4.28-Figure 4.37). The number of clusters, as indicated by the results of the broken 
stick models (Figure 4.29, Figure 4.31, Figure 4.33, Figure 4.35, & Figure 4.37), ranged 
from a high of nine in SAB16 to a low of five in SAB13. The major divisions between 
groups of clusters fit well with the separation of the cores into major sedimentological units 
(e.g., Lake Champlain, Peat, and Champlain Sea). In each of the cores with a longer 
Champlain Sea unit (all cores except SAB16), cluster analysis split the unit into two distinct 
groups. The grouping of the peat interval into different clusters ranged from one in SAB13 
and SAB16-A to three in SAB16. A different number of clusters composing the Lake 
Champlain sequence of the cores was also observed, from a high of five in SAB16 to a low 
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of two in SAB13, SAB16-A, and SAB16-B. The results of the cluster analysis for each 
core and the factors affecting the division of these groups will be explored further in the 
following sections.   
      
 




Figure 4.29: Broken stick model for SAB13 indicating five significant groups. 
 





Figure 4.31: Broken stick model for SAB16 indicating nine significant groups.  
 




Figure 4.33: Broken stick model for SAB16-A indicating six significant groups. 
 
 





Figure 4.35: Broken stick model for SAB16-B indicating six significant groups. 
 




Figure 4.37: Broken stick model for SAB16-C indicating eight significant groups. 
4.4.2 Principal Component Analysis 
The results of the PCA revealed relationships in the data that were consistent across 
all the cores analyzed. Only the first two principal components for each core were deemed 
valuable for interpreting major trends and variations in the data. Each of the two primary 
principal components, principal component one and principal component two, will be 
referred to as PC1 and PC2 hereafter. 
PC1 accounted for the highest amount of variation in the data for each core and was 
largely driven by the variation in the data explained by changes in %C, %N, WC, Ca, Fe, 
Mn, bulk density, Ti, Al, Si, Sr, and Zr (Figure 4.38-Figure 4.47). Samples with a high PC1 
score contain relatively high levels of %C, %N, WC, Ca, Fe and Mn and low values for 
bulk density, Ti, Al, Si, Sr, and Zr. Conversely, samples with a low score for PC1 contain 
relatively high values for Ti, Al, Si, Sr, and Zr and low values for %C, %N, WC, Ca, Fe 
and Mn.  
PC2 accounted for the second highest amount of variation in the data for each core 
and is largely driven by the variation in the data explained by changes in Rb, K, and V and 
to a lesser degree, changes in Fe, Mn, Ti, Al, Zr, Sr, and Si (Figure 4.38-Figure 4.47). 
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Samples with a high PC2 score contain relatively high levels of Rb, K, V, Fe, Mn, Al, and 
Ti and low levels of Zr, Sr, and Si. Samples with a low PC2 score contain relatively higher 
levels of Zr, Sr, and Si and relatively lower levels of Rb, K, V, Fe, Mn, Al, and Ti.  
Using this information, some generalizations about what each principal component 
explains can be made. PC1 appears to be related to both OM and associated elements (Fe, 
Mn, and Ca) as well as the elements associated with weathering resistant minerals (Zr, Sr, 
Si, Ti, and Al) and coarser grain size. Samples scoring high in PC1 therefore indicate higher 
OM and lower coarse-grained detrital input; samples scoring low in PC1 indicate a higher 
coarse-grained detrital component and lower OM input. PC2 appears to be related to the 
levels of elements associated with less weathering resistant clay minerals (Rb, K, V, Ti, 
and Al), and to a lesser degree, elements associated with weathering resistant minerals (Zr, 
Sr, and Si). Samples scoring high in PC2 therefore indicate a higher fine-grained detrital 
component and lower coarse-grained detrital component; samples scoring low in PC2 
indicate a higher coarse-grained detrital component and lower fine-grained detrital 
component. The principal component scores for each sample can be found in appendix II 




Figure 4.38: PCA biplot for SAB13 (Belrose, 2015). 
Table 4.27: PCA loading matrix for SAB13. Shading of values represents the strength of the 
relationship between principal components and the variables (darker = stronger, lighter = weaker).  
Variable Prin1 Prin2 
WC 0.92  -0.08 
BD  -0.84 0.09 
C 0.96  -0.15 
N 0.97  -0.12 
C:N 0.16  -0.46 
Zr  -0.70  -0.64 
Sr  -0.62  -0.30 
Si  -0.94  -0.19 
Rb  -0.01 0.94 
K  -0.04 0.98 
Al  -0.55 0.81 
Ti  -0.72 0.64 
V 0.18 0.91 
Fe 0.80 0.56 
Mn 0.44 0.40 





Figure 4.39: SAB13 PCA scores vs. depth and age. 
 
 





Table 4.28 PCA loading matrix for SAB16. Shading of values represents the strength of the 
relationship between principal components and the variables (darker = stronger, lighter = weaker). 
Variable Prin1 Prin2 
WC 0.95  -0.01723 
BD  -0.91  -0.02194 
C 0.96  -0.23 
N 0.96  -0.21 
C/N 0.34  -0.44 
Zr  -0.93  -0.29 
Sr  -0.54  -0.47 
Si  -0.49  -0.36 
Rb 0.02 0.96 
K 0.25 0.95 
Al  -0.40 0.88 
Ti  -0.75 0.52 
V 0.51 0.74 
Fe 0.91 0.29 
Mn 0.96 0.02 
Ca 0.81  -0.38 
 
 




Figure 4.42: PCA biplot for SAB16-A.  
Table 4.29: Loading matrix for SAB16-A. Shading of values represents the strength of the 
relationship between principal components and the variables (darker = stronger, lighter = weaker). 
Variable Prin1 Prin2 
WC 0.84 0.08 
BD  -0.81 0.001 
C 0.96 0.17 
N 0.95 0.22 
C/N 0.85  -0.34 
Zr  -0.27  -0.92 
Sr  -0.47  -0.34 
Si  -0.73  -0.44 
Rb  -0.53 0.78 
K  -0.68 0.73 
Al  -0.82 0.54 
Ti  -0.78 0.18 
V  -0.36 0.86 
Fe 0.48 0.80 
Mn 0.79 0.51 




Figure 4.43: SAB16-A PCA score vs. depth and age.  
 
 






Table 4.30: PCA loading matrix for SAB16-B. Shading of values represents the strength of the 
relationship between principal components and the variables (darker = stronger, lighter = weaker). 
Variable Prin1 Prin2 
WC 0.95  -0.16026 
BD  -0.90 0.26198 
C 0.97 0.05237 
N 0.97 0.08 
C/N 0.71  -0.58 
Zr  -0.82  -0.53 
Sr  -0.56 0.06 
Si  -0.88  -0.34 
Rb  -0.15 0.90 
K  -0.18 0.97 
Al  -0.70 0.69 
Ti  -0.85 0.14 
V 0.13 0.91 
Fe 0.80 0.51 
Mn 0.88 0.31 
Ca 0.74 0.13 
   
 




Figure 4.46: PCA biplot for SAB16-C. 
 
Table 4.31: PCA loading matrix for SAB16-C. Shading of values represents the strength of the 
relationship between principal components and the variables (darker = stronger, lighter = weaker). 
Variable Prin1 Prin2 
WC 0.90  -0.19 
BD  -0.84 0.25 
C 0.95  -0.20 
N 0.95  -0.16 
C/N 0.68  -0.44 
Zr  -0.87  -0.41 
Sr  -0.49  -0.25 
Si  -0.84  -0.02 
Rb 0.29 0.90 
K 0.21 0.95 
Al  -0.38 0.89 
Ti  -0.29 0.78 
V 0.53 0.75 
Fe 0.82 0.42 
Mn 0.84 0.06 










CHAPTER 5: DISCUSSION 
5.1 Introduction 
The series of sediment cores collected in this study has helped further the 
understanding of the diverse environments that Saint Albans Bay has experienced from the 
end of the Champlain Sea to the present. The following discussion will attempt to explain 
the changes that were observed in the sedimentary record of Saint Albans Bay with respect 
to climate, varying lake level, and variations in the sources of organic and inorganic 
sediment input throughout the Holocene. Saint Albans Bay presents a unique opportunity 
to examine the transition from a shallow marine sea to a shallow water wetland, and 
ultimately to a lacustrine environment. Overall, the finding from this study agree with those 
put forth by Belrose (2015). However, the transition from the Champlain Sea to Lake 
Champlain is not represented by the peat horizon, but by the uppermost Champlain Sea 
sediment, and occurs earlier than previously thought.  
5.2 Champlain Sea Period & Transitional Period 
In each of the cores, the lowermost sediments are characterized by low OM content 
and are interpreted to have been deposited in the Champlain Sea due to the similar lithology 
of the sediments to previous cores collected in the area (Belrose, 2015; Cronin et al., 2008) 
as well as their age (Figure 4.7). The Champlain Sea unit of each of the cores, except 
SAB16, can be split into two distinct phases based on differences in the geochemistry and 
physical properties of the sediment. This division of the Champlain Sea units into two 
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distinct periods is supported by the results of the cluster analysis, which divides the 
Champlain Sea unit into two distinct groups, specifically a lower and an upper unit.  
The lowermost cluster in each of the cores (Table 5.1) is thought to represent deeper 
water Champlain Sea deposition. Many properties of these sediments indicate deeper water 
deposition before the recession of the Champlain Sea. They are characterized by low OM 
content (<1%) as well as fine grain size and a high concentration of elements associated 
with less weathering-resistant rocks and clay minerals (low PC1 & high PC2). C/N values 
in this unit are also very low, more so than what would be expected from diagenesis alone. 
These artificially low C/N values are likely the result of ammonium being bound to clay 
minerals in this very fine-grained sediment (Müller, 1977).   
 Following this period of deeper water, fine-grained sediment deposition, there is 
a distinct shift in both the physical properties and the geochemical composition of the 
sediment. This new period will be referred to as the “transitional period” (Table 5.1). 
Beginning at ~9.8 ka in the SAB16-C core, mean grain size begins to increase rapidly. This 
also coincides with a substantial increase in the concentration of elements associated with 
weathering-resistant minerals and coarse-grained detrital sediment (low PC1, low PC2), 
along with a decrease in elements associated with the fine detrital component (low PC2). 
Based on these observations and the presence of numerous pebbles and wood fragments, 
these changes in sediment composition are likely the result of a substantial lowering of 
water level, which caused a shift of the sediment limit and erosion of the marginal sediment 
during the final stage of the Champlain Sea. Climate during this part of the Early Holocene 
is characterized by cool, dry conditions and low lake levels across Northeastern North 
America (Dieffenbacher-Krall and Nurse, 2005; Lavoie and Richard, 2000; McFadden et 
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al., 2005; Mullins, 1998; Newby et al., 2000; Shuman et al., 2001; Yu et al., 1996). The 
drier conditions during this period may have influenced lake level in Lake Champlain, but 
the main control on lake level during this period was likely isostatic rebound. However, 
the expansion in Hemlock and hardwoods and a decrease in Picea likely indicate an 
increase in temperature and available moisture during this time (Anderson et al., 2007; 
Cronin et al., 2008; Taylor, 2015).    
Table 5.1: Interpreted depositional zones of the Champlain Sea interval for each core based on 
cluster analysis.  
Core  Champlain Sea Transitional Zone 
SAB13 Cluster 5 (~9.69-9.59 ka) Cluster 4 (~9.58-9.20 ka) 
SAB16 N/A  Cluster 8 (~9.58-9.56 ka) 
SAB16-A Cluster 6 (~9.73-9.31 ka) Cluster 5 (~9.28-9.14 ka) 
SAB16-B Cluster 6 (~9.80-9.66 ka) Cluster 5 (~9.65-9.58 ka) 
SAB16-C Cluster 8 (~10.02-9.84) Cluster 7 (~9.82-9.63) 
 
 Based on the depth at which the oldest sandy pebble interval in SAB16-C is 
located, it is likely that a significant amount of erosion occurred across the entire inner bay 
as the water level in the bay dropped ~9 m below the modern average lake level. This 
would have resulted in subaerial exposure at the other shallow water coring locations 
(Figure 5.1). The transition from deep-water to shallow-water deposition is observed across 
each core but appears to be time transgressive based on the age models and depths at which 
the change occurs, with sand and pebble deposition beginning at ~9.65 ka in SAB16-B, 
~9.33 ka in SAB16-A, ~9.59 ka in SAB16, and ~9.66 ka in SAB13. 
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Due to the poor age control in the Champlain Sea intervals, it is not entirely clear, 
but it appears that this transitional unit may represent the regression of the Champlain Sea 
and subsequent progradation of the shoreline of early Lake Champlain as lake levels began 
to increase due to isostatic rebound of the Richelieu Sill (Astley, 1998; Athan, 2010; 
Chapman, 1937). Another possibility is that more detrital material was deposited by the 
rivers entering Saint Albans Bay as their deltas prograded towards the coring locations 
when lake level was lower. The sandy pebble interval is likely analogous to the shell and 
pebble layer observed in Belrose’s (2015) MSB13 core recovered from Missiquoi Bay, 









Figure 5.1: Cross-sectional diagram of Saint Albans Bay and core lithologies with radiocarbon dates (yr BP). 





To better understand the paleogeography of the bay at lower water levels and 
visualize shoreline transgression as lake level began to rise, a digital elevation model 
representing the study area devoid of water was constructed by merging bathymetric data 
for the Inland Sea with a 1.2 m LiDAR derived digital elevation model (Vermont Center 
for Geographic Information) (Figure 5.2). In order to account for sedimentation that has 
occurred since the end of the Champlain Sea, 1.5 m of depth was subtracted from the 
bathymetric surface model prior to merging it with the digital elevation model for the 
watershed. The 1.5 m value was chosen as it seemed a conservation choice considering the 
differences in sedimentation rates among the cores. As can be seen in Figure 5.2, during 
the lowstand of the Champlain Sea, which is inferred to have been ~20 m AMSL based on 
the depth of the pebble interval, the inner bay is completely exposed. This may explain the 
erosional features observed in each of the cores. Based on the time-transgressive nature of 
these features and the location of dated wood samples in SAB16-A and SAB16-B in the 
uppermost sediments of the transitional units, the hypothesis of shoreline transgression 
seems likely. Examining Figure 5.2 further, it appears that by the time lake level reached 
23 m AMSL, all coring locations were submerged in shallow water. Although this model 
of lake level rise proves useful, it does have short comings as it assumes a uniformly sloped 
surface of sediments distributed across the bay, which we know is not the case as can be 




Figure 5.2: Simulation of lake level using a paleo digital elevation model for Saint Albans Bay and 
surrounding watershed. LiDAR and bathymetric data sourced from the Vermont Center for 
Geographic Information (VCGI).   
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5.3 Transgressional Wetland Period 
 Following the lowstand in water level at the end of the Champlain Sea period, lake 
level began to increase as differential tilting of the lake basin continued. The freshwater 
shallow water environment was conducive to macrophyte growth and as the shoreline 
migrated landward into the inner bay, emergent macrophytes began to appear. The earliest 
peat deposits, dated at ~9.6 ka, were those in the SAB16-C core. These peat deposits 
contain abundant pieces of woody material and seeds of emergent plants that are common 
in very shallow water or on wet ground, such as Hippuris vulgaris, Cyperaceae, 
Ranunculus, and Equisetum (Figure 4.26). The presence of emergent plant remains and 
woody terrestrial material (Figure 4.5), indicate that this coring location was at or near the 
shoreline at ~9.6 ka (Figure 5.3). From the observations made by Belrose (2015), it was 
unclear whether the peat began forming in the shallow marine water at end of the 
Champlain Sea period or in the early stage of Lake Champlain. The salinity of the water 
that the earliest peat in her SAB13 core formed in was confounded by the presence of 
diatoms that ranged from brackish to freshwater, which did not provide a clear picture of 
the environment. The existence of freshwater bryozoans (Cristatella and Plumatella), 
freshwater cyanobacteria Gloeotrichia, testate amoeba, and freshwater wetland plants, 
indicates that the oldest peat deposits in SAB16-C formed in an entirely freshwater 
environment (Figure 4.26). Taylor (2015) also found freshwater aquatic plant pollen of 
Nuphar and Nymphaea in the transitional unit of SAB13, which provides greater credibility 
to the hypothesis that by the time of peat deposition Saint Albans Bay was already a 
freshwater environment. These realizations also lend support to the hypothesis that the 
underlying transitional unit represents the switch from marine to freshwater conditions, 
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rather than the peat interval as hypothesized by Belrose (2015). The presence of 
Gloeotrichia in the oldest peat deposits is very interesting as it likely played a pioneer role 
in the low nutrient conditions of Saint Albans Bay following the end of the Champlain Sea, 
due to its ability to fix atmospheric nitrogen and mobilize sediment bound phosphorus into 
the water column (Geel, 2002; Istv et al., 1993; Pettersson et al., 1993). This would have 
made conditions more suitable for other aquatic plants to become established (Geel, 2002; 
Pettersson et al., 1993).   
The start of peat deposition at each of the coring locations follows a similar time 
transgressive pattern as observed in the transitional unit. Peat deposition begins at SAB16-
B and SAB16 at roughly the same time, ~9.6 ka, and at SAB16-A by ~9.1 ka. Each of the 
cores display a rather abrupt transition to peat deposition while Belrose’s (2015) SAB13 
core shows a more graded contact with the underlying transitional unit, possibly reflecting 
the core’s proximity to Stevens and Jewett Brooks, as they would have likely prograded 
further towards that coring location at lower lake levels. The peat in SAB13 with the 
highest %C values began forming at ~9.2 ka, which also marks an interval where she 
recovered emergent Carex seeds.      
Although a macrofossil analysis was only carried out on SAB16 and SAB16-C, 
Cyperaceae seeds were recovered from the base of the peat interval of each core. This, 
along with the basal peat radiocarbon dates, supports the hypothesis of time transgressive 
wetland migration due to rapidly rising lake level. Examining the age and elevation of the 
basal peat deposits (Table 5.2), lake level rise can be calculated to be ~0.3 cm/yr., which 
is remarkably similar to the value determined by Astley (1998) in Alburgh Wetland for the 
same period.  
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Table 5.2: Coring depths and depth to peat contacts. 
Core ID SAB13 SAB16 SAB16-A SAB16-B SAB16-C 
Water Depth (m) 5.0 5.73 6.46 6.71 7.01 
Depth to upper 
peat boundary (m) 
6.78 8.11 7.32 7.70 8.56 
Depth to lower 
peat boundary (m) 
7.36 8.96 7.51 8.34 9.15 
       
As water level continued to rise, shallow water emergent plants prograded landward 
towards the shallower water coring sites (SAB16-A and SAB13), and emergent plants in 
the deeper water cores (SAB16-C and SAB16) were gradually replaced by floating leaved 
and submerged macrophytes such as Nympheaceae, Potamogeton, Najas, and Chara 
(Figure 4.25, Figure 4.26, & Figure 5.3). The pattern of vegetational succession in SAB16 
and SAB16-C is very similar. This is likely a result of the proximity of the coring locations 
and similar depth (Table 5.2). However, based on the elevation and age of the basal peat 
deposits, it is possible that the inner portion of the bay may have been at least partially 
isolated from the outer portion for a short period of time (Figure 5.3). The period of floating 
leaved plants in SAB16 and SAB16-C coincides with the maximum abundance of 
bryozoan statoblasts, Gloeotrichia colonies, and testate amoeba. These groups of 
organisms are commonly epiphytic and an increase in their abundance is likely due to the 
increase in available substrate for them to form on, which is commonly observed in other 
studies (Cattaneo and Kalff, 1978; Cooper, 1988; Francis, 1997, 2001; Hudon et al., 2009; 
Velho et al., 1999).  
By ~9 ka, the only plant remains recovered from the deeper water cores (SAB16 & 
SAB16-C), were those of submerged macrophytes Chara and Najas flexilis, indicating a 
continued increase in lake level and a shoreward migration of emergent plants. This is 
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supported by the appearance of Cyperaceae seeds in SAB13 and SAB16-A at this time. 
The disappearance of floating leaved taxa in the deeper water cores also coincides with a 
decrease in the abundance of bryozoan statoblasts, Gloeotrichia colonies, and testate 
amoeba, likely due to a decrease in the coverage of macrophytes they would utilize as 
substrate (Figure 4.25 & Figure 4.26).  
 
Figure 5.3: Conceptual diagram of peat transgression, lake level rise, and aquatic vegetational 
succession based on basal peat elevations and macrofossil analysis. 
 
C/N and %C values generally decrease moving through the peat interval in each of 
the cores, indicating less influence from emergent and terrestrial sources of OM as lake 
level rose and the abundance of emergent macrophytes decreased. The upper portion of 
each of the peat intervals, except for SAB16-C, display a rapid decline in %C and C/N 
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values indicating a definitive shift from macrophyte derived OM to an algal dominated 
system from ~8.6-8.3 ka. Carbon stable isotopes proved to be a valuable tool to help 
validate the progression of vegetational succession and the transition from a shallow water 
macrophyte dominated system to an algal dominated lacustrine environment. As can be 
observed in Figure 5.4, the samples analyzed from the two cores fall into the ranges of 




Figure 5.4: Typical ranges of C/N and δ13C for organic matter from Meyers and Teranes (2002) and 
results of samples analyzed in this study (blue dots). 
 
The more negative δ13C values of samples at the base of the peat intervals fall into 
the typical ranges for emergent and terrestrial vegetation and display a general progression 
towards lower values for C/N and more positive values for δ13C moving up core (Figure 
5.5). This pattern likely represents the transition from emergent vegetation and terrestrial 
OM to floating leaved vegetation, and possibly an increasing proportion of submerged 
vegetation. This agrees well with the results of the macrofossil analyses where we see 
emergent taxa such as Cyperaceae, Equisetum, Ranunculus, and Hippuris vulgaris 
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gradually be replaced by Nympheaceae, Potamogeton, Chara, and Najas flexilis (Figure 
4.25 Figure 4.26). Moving up core, δ13C of the OM increases as C/N values continue to 
fall, signaling a greater contribution of OM derived from submerged vegetation, likely due 
to the expansion of Najas flexilis and Chara as water depth became too great to support 
floating leaved macrophytes (Figure 5.5).  
In the SAB16 core, at ~8.6 ka there is a definitive shift in δ13C and C/N (Figure 
4.12). The very low C/N values (~6) and the more negative δ13C values indicate a transition 
to algal dominated OM deposition rather than submerged macrophytes. This is supported 
by a substantial decrease in the number of Najas flexilis seeds, Chara oospores, and %C 
during this time. The carbon isotope record for SAB16-C covers a much longer timespan 
(Figure 4.12). The shift to more negative δ13C values in SAB16-C occurs at ~8.3 ka, later 
than in SAB16. However, in this core a synchronous shift to low C/N values is not observed 
and C/N does not reach values as low as in SAB16 until ~5.9 ka. There are several reasons 
why this may be, which will be discussed in the following discussion section (5.4). 
 




The cluster analysis divided the peat interval into one to three clusters for each core 
(Table 5.3). Where multiple clusters compose the peat interval, the separation appears to 
be related to variations in the amount of OM, the amount of detrital material, and the 
sampling resolution. Where the peat interval in divided into multiple segments, the 
lowermost samples generally have the highest concentrations of elements associated with 
OM (high PC1) and low concentrations of elements associated with fine grained detrital 
sediments (low PC2). The upper samples, approaching the contact with the overlying Lake 
Champlain unit, on the other hand, have higher concentrations of elements associated with 
fine grained detrital sediments (higher PC2) and lower concentrations of elements 
associated with OM (lower PC1). These trends likely reflect the transition from a shallower 
water environment with little input of clastic sediment to a deeper one with greater input 
of clastic material, or a substantial decrease in OM deposition.      
Table 5.3: Clusters from the peat interval for each core and their estimated ages. 
Core  Peat 
SAB13 Cluster 3 & 4 (~9.28-8.55 ka) 
SAB16 Cluster 6,7, & 8 (~9.56-8.64) 
SAB16-A Cluster 4 (~9.12-8.44 ka) 
SAB16-B Cluster 3& 4 (~9.57-8.34 ka) 
SAB16-C Cluster 5 & 6 (~9.62-8.50 ka) 
5.4 Lacustrine Transition and Modern Lake Champlain 
  The transition to fine grained lacustrine sediment more typical of modern Lake 
Champlain is rather abrupt in each of the cores collected from Saint Albans Bay. The 
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transition to lacustrine deposition occurs over ~200 years from ~8.6 to ~8.4 ka. The 
transition to low OM, fine-grained sediment does not appear to follow a time transgressive 
pattern with regards to water depth as observed in previous periods, but due to the lack of 
better age control this is not certain. The onset of Lake Champlain deposition is marked by 
a notable decrease in %C and C/N values as well as an increase in bulk density and the 
concentrations of elements associated with fine-grained detrital sediment (high PC2, low 
PC1).  
The cluster analysis for the Lake Champlain sequence of each of the cores yielded 
a different number of clusters for each of the cores (Table 5.4). The higher resolution cores, 
SAB16 and SAB16-C unsurprisingly yielded a greater number of clusters due the greater 
detail captured in them. The shorter cores, along with SAB13, yielded a lower number of 
clusters, likely due to the lower resolution and the variation in deposition among the cores. 
The longer records of SAB16 and SAB16-C were able to capture smaller scale variations 
than those in the shorter cores. Although the cluster analysis did not reveal identical, 
isochronous clusters for each of the cores, this was not to be expected due to variations in 
depositional processes occurring in the bay through time. However, at a coarser scale, the 
cluster analysis did effectively separate the Lake Champlain sediments from the underlying 
peat. The grouping of clusters in the Lake Champlain sequence of the cores seems to be 
strongly linked to variations in the amount of OM and associated elements and the relative 




Table 5.4: Clusters composing the Lake Champlain interval for each of the cores and their estimated 
ages. 
Core Lake Champlain 
SAB13 Cluster 1 (6.0-0.64 ka) 
Cluster 2 (~8.50-6.33 ka) 
SAB16 Cluster 1 (112-20 yr BP) 
Cluster 2 (~0.99-0.18 ka) 
Cluster 3 (~4.27-1.14 ka) 
Cluster 4 (~7.63-4.42 ka) 
Cluster 5 (~8.62-7.66 ka) 
SAB16-A Cluster 1 (~600-15 yr BP) 
Cluster 2 (~6.55-0.72 ka) 
Cluster 3 (~8.22-7.02 ka) 
SAB16-B Cluster 1 (~6.86 ka – 40 yr BP)  
Cluster 2 (~8.19-7.18 ka) 
SAB16-C Cluster 1 (~170-10 yr BP) 
Cluster 2 (~1.55-0.30 ka) 
Cluster 3 (~6.24-1.73 ka) 
Cluster 4 (~8.45-6.42 ka) 
 
Although grain size was not measured in the peat and Lake Champlain segments 
of the cores, the geochemical data from the XRF analysis can provide valuable information 
and serve as a relatively reliable grain size proxy as shown in section 3.2.6. Knowing this, 
and the application in previous studies e.g., (Cuven et al., 2010; Dypvik and Harris, 2001; 
Koinig et al., 2003; Kylander et al., 2011; Liang et al., 2013),  we can therefore reliably 
use Zr/Rb to examine potential changes in grain size for the Lake Champlain sequences of 






Figure 5.6: Zr/Rb values vs. depth and age for all cores. 
 
 
Based on the results from the PCA and Zr/Rb data, the earliest lacustrine sediments 
deposited in the bay were fine grained and likely dominated by clay sized terrigenous 
material with low organic matter content. Low C/N and %C values for this period indicate 
low OM matter deposition, dominated primarily by algae. The abrupt shift from peat 
deposition to low OM, fine-grained sediment is interesting as it points to a major shift in 
both the dominant source of OM being deposited in the bay and a significant change in 
sediment composition. It is possible, albeit unlikely, that lake level alone caused the 
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seemingly anomalous shift in deposition between 8.6-8.4 ka due to the abruptness of the 
transition. 
 A notable climate disruption during the start of the Hypsithermal (~9.0-5.3 ka), a 
period in which warmer conditions prevailed over much of Northeastern North America, 
is the 8.2 k cooling event (Alley and Ágústsdóttir, 2005; Alley et al., 1997; Anderson et 
al., 2007; Muller et al., 2003; Shuman et al., 2009; Shuman et al., 2004). As mentioned in 
section 2.6, this event brought cooler, drier, and windier conditions to NE North America. 
The combined effect of regional cooling, that lasted from ~8.4-8.0 ka, along with 
isostatically driven lake level rise, is likely what caused a substantial decrease in 
productivity and macrophyte abundance, an increase in fine-grained sedimentation, and a 
transition to a deeper water, algae dominated oligotrophic environment. Similar changes 
have also been documented in other lakes across the region (Dieffenbacher-Krall and 
Nurse, 2005; McFadden et al., 2005; Yu et al., 1997).   These changes were not as drastic 
in the deepest water core, SAB16-C. It is possible that the greater water depth at this coring 
location as well as its greater connectedness to the main body of Lake Champlain allowed 
for productivity to remain higher as it may have not been affected as greatly by this short-
lived cooling period when compared to coring locations in shallower water, more isolated 
from the main lake. Another possibility is that as lake level rose the Mill River delta 
migrated from the outer bay to the inner bay, and began depositing more sediment there, 
making it less conducive to supporting submerged aquatic vegetation. This scenario may 
explain why %C and C/N remained elevated in the outer bay. If the location of the Mill 
River migrated from the outer bay to the inner bay; it may have resulted in less detrital 
input at the location of SAB16-C and therefore, less dilution of the OM being deposited 
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there, resulting in higher %C values relative to the locations in the innermost portion of the 
bay at this time.    
 Based on regional paleoclimate evidence, the cooling effects of the 8.2k event 
dissipated by ~8.0 ka and warmer conditions, more typical of the Hypsithermal returned 
(McFadden et al., 2005; Nesje and Kvamme, 1991; Shuman et al., 2002; Shuman et al., 
2004). The remainder of the Hypsithermal interval (~8.0-5.3 ka) generally shows a trend 
of increasing Zr/Rb values suggesting an increase in mean grain size and greater 
terrigenous input, as well as a rebound in %C indicating higher productivity. This gradual 
increase in coarse-grained terrigenous input and decrease in fine-grained material (lower 
PC1, decreasing PC2) may be the result of a warming and drying trend that persisted during 
the mid-Holocene over much of NE North America, which caused lake levels to fall (Figure 
2.36 & Figure 2.37) (Almquist et al., 2001; Dieffenbacher-Krall and Nurse, 2005; Muller 
et al., 2003; Yu et al., 1997).  
C/N values during the remainder of the Hypsithermal generally display an 
increasing trend rising from ~6-9 at the start of lacustrine sedimentation, to ~10-11 
approaching the transition into the Neoglacial at ~5.3 ka. Although carbon isotopes were 
not measured in this section of the cores collected in this study, results from Palmer (2012) 
display a gradual shift in δ13C in core SAB1. During the early Hypsithermal, δ13C values 
are more negative, indicative of algal production (~-26‰), and gradually become more 
positive (reaching ~-23.5‰) during the mid-Holocene Hypsithermal/Neoglacial transition, 
indicating an increase in submerged macrophytes. This provides further evidence 
supporting lower lake levels during this period. SAB16-C is an interesting exception to this 
trend of increasing C/N values. From the end of peat deposition, C/N values steadily drop 
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from ~11 to ~6 over the Hypsithermal interval of the core, indicating a shift to primarily 
algal production, which is also supported by stable δ13C values of ~-26.0‰. The 
Hypsithermal period is not well constrained by the cluster analysis but the period of fine 
grained deposition following the end of peat deposition, lasting ~1000-2000 years is (Table 
5.4).  
The sections of the cores that cover the Neoglacial, a period of cooler temperatures, 
seem to reflect a continued drying trend that was observed during the late Hypsithermal. 
In each of the cores, there is an increase in sediment bulk density and Zr/Rb, a reduction in 
%C, as well as an increase in the concentrations of elements associated with coarse-grained 
detrital material (low PC1) and a decrease in those associated with fine-grained detrital 
material (low PC2). The decrease in %C during this period is likely a result of the cooler 
and drier conditions that existed during the early Neoglacial period in NE North America, 
which also caused a lowering of lake levels (Figure 2.36 & Figure 2.37) (Almquist et al., 
2001; Dieffenbacher-Krall and Nurse, 2005; McFadden et al., 2005; Yu et al., 1997). Less 
precipitation and runoff during this period would have reduced the amount of nutrients 
entering the bay, which likely suppressed productivity resulting in the lower %C values. 
Evidence for lower lake level is also present in Missisquoi Bay, VT. Koff (2011) recorded 
an increase in mean grain size during the Neoglacial in his MSB1 core. Although he did 
not speculate about the cause of this change in grain size, it is likely that dry conditions 
during the early Neoglacial caused a lowering of lake level, which allowed coarser material 
to be deposited towards the center of the bay, similar to what is observed in the cores from 
Saint Albans Bay. 
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Another plausible explanation for the switch from fine-grained to coarse-grained 
deposition in Saint Albans bay at ~7.5 ka is a shifting of the location of the Mill River 
delta. In modern Saint Albans Bay, the Mill River has built a sandy delta out from the 
eastern shore of the bay. Evidence from CHIRP profiles in the outer portion of the bay 
shows what appears to be an abandoned delta, underlain by Champlain Sea sediments and 
overlain by Lake Champlain sediments (Figure 5.7). Based on the size of the feature and 
the lack of any other large rivers entering the bay in this area, it could have only been 
produced by the Mill River as it discharged into the outer bay when water levels were lower 
than today (Figure 5.8 & Figure 5.9). This delta would have been abandoned during the 
period of rapid lake level rise resulting from isostatic uplift of the outlet sill of Lake 
Champlain, which lasted until ~7,500 yr BP (Astley, 1998). As lake level rose, the Mill 
River would have migrated further into the inner bay, towards its present-day location 
(Figure 5.8 &Figure 5.9). This would have likely caused coarser sediment to be deposited 




Figure 5.7: CHIRP line B (Figure 3.2) showing the location of potential paleo-delta of the Mill River 
and location of the SAB16-D, which was not recovered completely. 
 
 
Figure 5.8: Digital elevation model of Saint Albans Bay watershed and simulated lake levels (20 m 
and 27 m). The blue arrows represent the potential paths of the Mill River at different lake 





Figure 5.9: Digital elevation model of Saint Albans Bay and modeled lake level from ~9.8 ka to 






According to the model developed by Astley (1998), lake level would have risen to 
~27 m in Saint Albans Bay by ~7,500 yr BP; this is approximately the time at which more 
terrigenous sediment began being deposited in the inner bay. Astley’s (1998) lake level 
model is useful for understanding the broad changes in Lake Champlain during the 
Holocene, although her record may not be as sensitive to smaller scale lake level changes. 
As we see in modern times, water level in Lake Champlain can fluctuate more >1 m from 
year to year (LCBP, 2011) and in a drier climate that existed from the late-Hypsithermal 
through the Neoglacial, these fluctuations may have been even greater, allowing 
terrigenous sediment to reach the coring locations. 
Beginning at ~3.0-2.0 ka, in all the cores there is an increase in %C indicating 
higher productivity. Increased productivity is also observed in Missiquoi Bay during the 
same period (Belrose, 2015; Koff, 2011). Based on the parallel response of these two 
separate bays, the increase in productivity is likely a reaction to shifts in regional climate. 
Regional climate data and lake level reconstructions show that the later part of the 
Neoglacial was likely wetter than the Mid-Holocene and early-Neoglacial due to increases 
in regional lake levels and an increase in moisture dependent plant pollen (Almquist et al., 
2001; Lavoie and Richard, 2000; Shuman et al., 2004; Yu et al., 1997). Wetter conditions 
likely increased the delivery of nutrients to the bay, resulting in greater productivity in 
Saint Albans Bay relative to the earlier, drier period of the Neoglacial. These wetter 
conditions, along with an increase in storminess, may also help explain the increases in 
Zr/Rb and other elements associated with terrigenous input during this period, as increased 
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runoff and greater hydrologic energy of the watershed would have resulted in the delivery 
of more terrestrial material to the bay (Noren et al., 2002; Parris et al., 2010). 
Beginning at ~1.5-0.8 ka, Zr/Rb values, along with the concentrations of elements 
associated with coarse grained sediments, begin to decline for the remainder of the record 
and the concentrations of elements associated with clay minerals begin to increase. The 
cause for this shift in deposition is unclear but may be related to an increase in lake level 
due to greater precipitation during this time, a trend observed in other lakes in the region 
(Almquist et al., 2001; Dieffenbacher-Krall and Nurse, 2005; Shuman et al., 2004).   
   
The Anthropocene (~1850 - Present) 
 Since settlement in the mid-19th century, Saint Albans Bay has been significantly 
impacted by human activities (Albers, 2000). The uppermost sediments in each of the cores 
display an increasing trend in %C, up to ~6%, and a decreasing trend in C/N values (<10), 
indicating high rates of algal production in the bay. This rise in algal productivity is also 
accompanied by an increase in elements associated with clay minerals (high PC2) and a 
decrease in elements associated with coarse grained sediments (high PC2). The shift to 
more fine-grained sedimentation and increasing algal productivity is the result of human 
activity in the watershed of Saint Albans Bay, which has led to an escalation in nutrient 
loading (Burgess, 2007; Levine et al., 2012). This trend of anthropogenically induced 
eutrophication is not limited to Saint Albans Bay, but is occurring across all of Lake 
Champlain, most notably in shallower isolated portions of the lake such as Missisquoi Bay 





CHAPTER 6: CONCLUSIONS 
This study illustrates the many changes that Saint Albans Bay has undergone 
throughout the Holocene. The cores that captured a longer sequence of Champlain Sea 
sediment reveal an early deeper water depositional phase with low productivity typical of 
the late Champlain Sea. Following this deep-water phase, there is evidence of an erosional 
unconformity as a result of a lowstand that occurred at the end of the Champlain Sea (~9.8 
ka) due to isostatic uplift of the Champlain Valley. This unconformity is overlain by a 
transitional unit, ranging in thickness from 12 to 40 cm, and characterized by an increase 
in sediment grain size and the presence of large pebbles and terrestrial plant material. The 
transitional unit is time transgressive, ranging from ~9.8 to 9.3 ka, and reflects the 
increasing lake level and shoreline migration after the outlet sill of Lake Champlain rose 
above sea level, cutting off marine input to the Champlain Valley.  
The depth of the transitional unit in the deepest core (~9.3 m) suggests that the 
entire inner basin of Saint Albans Bay was devoid of water for a short period of time. As 
the shoreline migrated landward, a shallow water wetland began to form at ~9.6 ka, 
forming the peat layer present in Saint Albans Bay. The development of this wetland 
complex was also time transgressive and reflects the continued increase in lake level during 
this time. Radiocarbon dates from the basal peat deposits and the vegetational succession 
observed through time in each of the cores support the idea of a transgressional wetland 
period. Based on the ages and elevations of the peat deposits we can conclude that the inner 
portion of the inner bay was as least partially isolated from the outer portion of the inner 
bay (Figure 5.3). The vegetational and faunal assemblages present in the oldest peat 
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deposits also indicate that this wetland began forming in a freshwater environment and 
therefore does not represent that transition between the marine conditions of the Champlain 
Sea and freshwater Lake Champlain as previously thought (Belrose, 2015). 
The macrofossil composition of the peat intervals support the hypothesis of rapid 
lake level rise with lake level increasing at ~ 0.3 cm/yr, a figure that agrees well with the 
findings of Astley (1998) from Alburgh Wetland. The vegetational succession indicates a 
gradual transition from a shallow water emergent wetland to a deeper water littoral 
environment due to rapid lake level rise. These vegetational changes are also supported by 
the results of the carbon stable isotopic analysis of the peat horizons. The abrupt transition 
from peat deposition to more typical fine-grained lacustrine sedimentation at ~8.6-8.4 ka 
is likely the result of continued lake level rise and may be linked to climatic changes that 
occurred as a result of the 8.2 k cooling event.  
The gradual transition from fine-grained to coarse-grained deposition that occurred 
during the mid-Hypsithermal (at ~7.5 ka) is speculated to be the result of the changing 
morphology of the bay due to lake level rise. As lake level rose, the location of the Mill 
River delta could have migrated from the outer bay towards the coring locations in the 
inner bay, depositing more terrigenous sediment at these sites. The rebound in productivity 
following the 8.2 ka event is presumably the result of warmer conditions during the 
remainder of the Hypsithermal. Cooler temperatures and drier conditions, coupled with 
lower lake level, during the early Neoglacial period are corroborated by a decrease in 
productivity and a continuation of coarse-grained sedimentation in the bay. The increase 
in coarse-grained sedimentation and higher productivity during the late Neoglacial at ~3.0-
1.0 ka is seemingly the result of an increase in precipitation and storminess during this time 
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(Brown et al., 2002; Brown et al., 2000; Noren et al., 2002; Parris et al., 2010), which 
resulted in the delivery of more nutrients to the bay. 
The recent increases in organic matter and fine-grained sedimentation since the 
mid-19th century, are the result of human activity in the watershed of Saint Albans Bay, 
which has resulted in excess nutrients entering the bay. The anthropogenic nutrient 
enrichment of the bay has led to increased algal productivity, which has plagued the bay in 
recent years (Burgess, 2007; Levine et al., 2012). This problem in likely to persist into the 
future due to the internal loading of nutrients stored in the sediments of the bay and the 
propensity of the bay to become anoxic during late-summer due to decomposition of algal 
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APPENDIX I: DATA 
          
  
Appendix Table I-1: Results of XRF analysis for Belrose’s (2015) SAB13 core. Elemental 
concentrations are expressed in ppm. 
cm Zr Sr Rb Fe Mn V Ti Ca K Al Si 
2.5 289.2 149.9 52.5 40813.8 635.8 306.8 4257.1 9129.8 24664.5 60222.4 284009.6 
6.5 309.1 158.2 48.8 37620.0 525.6 276.9 4153.8 8937.8 22752.4 52582.9 269550.0 
10.5 287.3 151.4 50.8 39040.6 586.9 311.9 4270.4 8939.0 23172.5 56877.5 280352.4 
14.5 294.2 152.9 47.2 35983.1 523.6 290.3 4196.2 9283.4 22396.2 55440.5 293324.9 
18.5 339.0 155.2 43.8 32490.0 419.5 263.4 4022.5 9218.3 20523.4 50556.5 292004.8 
22.5 320.2 145.2 43.4 34350.0 546.8 271.8 4030.3 9039.2 20930.3 51210.5 284313.1 
26.5 376.0 158.3 39.8 29143.7 472.9 246.1 3859.2 10001.6 19655.2 47813.9 294763.5 
30.5 356.6 160.9 40.9 31262.7 486.6 277.1 4133.1 9984.2 20779.7 52732.6 303811.9 
34.5 257.3 121.9 34.5 29997.7 368.8 242.9 3827.9 8898.5 20230.3 48337.6 267786.3 
38.5 331.7 158.3 42.7 32929.1 469.6 246.2 4382.2 9943.3 21630.1 53903.0 308134.1 
42.5 351.7 163.2 39.5 31151.2 492.1 255.6 4335.9 9828.0 20797.5 52315.8 303658.0 
46.5 362.7 159.3 39.2 30189.2 515.7 254.9 4269.6 9692.9 20574.1 50651.5 302287.3 
50.5 371.5 160.8 38.6 30505.3 491.5 249.0 4299.2 9853.4 20663.0 50851.5 303017.7 
54.5 291.9 144.9 46.1 37641.3 544.1 285.1 4349.4 9157.2 22437.7 54154.5 278151.3 
58.5 270.9 136.8 53.2 40420.0 575.1 287.9 4414.3 8887.1 23850.7 54526.2 276167.7 
62.5 277.5 136.4 52.0 39695.2 606.1 303.3 4206.5 8734.7 22974.8 53153.4 274075.3 
66.5 269.5 137.2 53.0 41392.6 539.0 336.3 4238.5 9300.1 23497.0 55478.7 271367.1 
70.5 260.8 137.6 55.3 47046.1 633.7 284.0 4128.9 8545.5 23251.5 52174.4 248319.0 
74.5 312.9 147.9 49.0 42313.5 576.7 290.7 4173.1 9914.1 23247.2 54131.1 270752.7 
78.5 277.6 141.1 50.1 45333.2 640.4 315.9 4374.7 9560.1 24370.3 57652.3 270102.7 
82.5 273.4 137.7 53.5 44970.2 674.4 298.2 4336.6 9552.3 24898.8 55897.9 263723.4 
86.5 245.9 131.6 56.2 50384.8 698.7 332.1 4347.5 9275.8 25538.3 57772.8 250945.2 
90.5 197.8 122.8 59.0 58976.3 722.4 342.4 4438.2 8997.8 25844.2 61763.2 237528.4 
94.5 182.0 122.4 63.4 59140.9 722.5 361.2 4536.3 8649.5 27724.6 63128.5 242212.2 
98.5 172.9 120.0 66.1 57867.4 707.8 370.0 4609.4 8436.8 28924.9 64094.2 243767.8 
102.5 172.6 124.0 65.7 56284.9 748.0 419.5 4663.2 8561.7 29026.7 66014.2 251994.3 
106.5 190.6 126.4 62.2 53456.7 682.1 339.2 4403.2 8517.6 27267.4 61068.0 246296.3 
110.5 168.3 123.6 66.1 56299.1 694.5 380.4 4508.3 8282.2 28796.7 62107.8 238909.9 
114.5 158.8 125.5 66.8 59833.0 770.4 396.4 4538.5 8520.7 29879.6 66861.3 245594.2 
118.5 156.6 127.5 66.9 58278.7 764.2 361.1 4623.4 8333.3 29708.8 67873.5 251263.6 
122.5 156.3 129.4 65.8 58247.8 763.5 386.8 4734.5 8577.3 29982.2 70830.9 257310.1 
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cm Zr Sr Rb Fe Mn V Ti Ca K Al Si 
126.5 169.9 129.8 68.8 55150.2 769.8 395.3 4879.4 8583.6 30210.9 68674.0 259065.6 
130.5 177.3 130.3 67.3 54547.5 697.5 379.4 4842.5 8684.7 30378.3 69011.7 262336.6 
134.5 170.7 131.7 67.3 55221.2 749.5 414.3 4779.3 8784.6 30300.5 68440.2 258429.5 
138.5 180.1 133.1 68.1 57382.3 787.3 376.8 4813.2 8508.8 30446.8 73550.9 266780.5 
142.5 177.1 134.3 69.8 54476.8 696.3 341.6 4838.6 8567.8 30174.3 70794.4 266634.2 
146.5 193.0 132.9 65.7 55173.7 745.1 342.6 4777.9 8805.8 29707.6 68607.1 259647.1 
150.5 193.6 134.7 65.6 52630.6 765.0 401.6 4742.4 8949.9 29528.1 68658.4 265384.2 
154.5 184.1 135.3 67.6 53894.9 740.4 369.4 4752.4 9045.5 29568.3 68801.0 261183.5 
158.5 175.5 135.1 67.0 54797.2 733.1 369.1 4754.2 9036.6 29929.7 70987.1 259103.8 
162.5 165.1 136.1 67.9 54779.8 718.1 373.4 4761.4 8958.4 30665.9 71007.0 262457.9 
166.5 160.8 136.9 69.0 54914.7 791.9 390.2 4684.5 8990.0 30280.3 67830.5 254336.7 
170.5 163.1 135.6 69.4 55254.7 748.1 385.1 4840.6 9218.9 30627.4 70847.0 259783.4 
174.5 156.4 131.6 68.2 54172.2 712.2 376.3 4862.0 9452.3 30775.7 69509.6 260295.6 
178.5 156.9 134.4 69.5 54270.4 781.6 386.9 4701.9 9177.7 30750.0 67825.4 253627.0 
182.5 120.0 132.3 69.0 58968.7 894.6 384.5 4163.9 10149.1 28476.6 55302.8 212413.1 
186.5 125.9 128.9 66.3 60219.0 924.4 345.1 4074.0 10673.6 27810.6 56111.9 216758.3 
190.5 84.9 123.8 55.3 72482.7 1020.8 374.5 3648.6 15533.0 26469.3 51375.9 197437.6 
194.5 85.6 117.9 49.1 73545.5 1144.6 377.3 3411.3 18053.3 24103.2 43896.4 204612.6 
198.5 63.8 107.0 39.8 79525.5 1238.5 345.9 2877.9 19773.7 20545.1 36310.4 206123.3 
202.5 66.4 138.3 41.8 75787.6 1443.3 316.8 3148.4 25600.7 21850.4 41305.3 170174.0 
206.5 77.7 128.1 52.9 75078.5 1100.2 337.5 3711.0 16655.9 25937.5 49615.0 187689.9 
210.5 77.2 130.3 55.3 74586.8 1029.1 324.0 3528.4 15511.9 25804.5 46254.0 169405.5 
214.5 94.0 137.7 57.3 71843.7 1018.9 358.1 3937.8 15398.1 27362.7 54805.6 209582.4 
218.5 120.1 146.8 54.8 63422.1 1012.9 294.7 3940.4 16785.7 25490.6 50974.8 212562.5 
222.5 128.3 146.1 52.4 60276.4 1069.7 310.4 4043.0 16850.4 25706.2 52400.1 219266.1 
226.5 132.2 150.1 58.8 50316.9 797.7 361.1 4205.1 13227.9 26918.6 58787.1 254783.7 
230.5 123.3 148.9 59.5 53999.8 830.5 362.8 4291.0 13000.9 27628.7 60289.0 253772.4 
234.5 157.6 159.4 61.8 49138.9 751.4 376.4 4563.0 11818.0 27476.4 66614.6 271621.1 
238.5 141.3 157.4 62.0 50256.5 669.8 367.6 4409.3 10753.2 28428.5 66338.3 271035.6 
242.5 165.7 160.4 59.8 46710.7 598.6 349.9 4470.4 10971.4 27779.0 63629.4 269272.1 
246.5 195.5 162.3 57.7 44427.4 675.8 338.9 4546.3 10821.6 27486.5 67339.5 286163.1 
250.5 181.7 159.0 58.2 45353.5 651.3 336.7 4440.4 10873.3 27003.3 62521.4 271438.9 
254.5 194.4 163.0 56.2 43754.8 622.6 354.0 4523.0 11203.8 27015.1 62839.4 278049.7 
258.5 194.8 163.8 56.1 43868.4 550.7 345.6 4433.7 10747.3 27085.9 64867.8 286910.6 
262.5 226.3 165.5 51.3 40428.3 565.3 337.0 4248.9 10800.9 25814.4 62818.4 289557.2 
266.5 254.1 174.6 50.5 41560.9 630.7 308.2 4432.5 11035.1 25440.0 62187.2 291212.3 
270.5 215.0 162.8 56.5 46363.1 639.8 341.5 4673.7 10424.6 27408.3 69242.8 289742.3 
274.5 249.9 169.0 54.1 44007.3 586.5 341.8 4545.8 10796.6 26492.6 66100.5 298723.8 
278.5 193.8 158.3 61.2 49704.2 789.8 348.5 4778.4 10241.1 28372.3 70996.1 293653.3 
282.5 188.5 159.1 63.1 53705.3 1232.0 359.2 4800.6 10480.3 29096.8 72110.2 288890.1 
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cm Zr Sr Rb Fe Mn V Ti Ca K Al Si 
286.5 214.4 162.3 54.4 48408.5 1707.9 322.3 4720.3 10599.6 26598.7 69069.9 299034.6 
290.5 201.5 162.1 55.1 50800.3 1581.3 375.7 4668.8 10805.4 27498.4 69782.3 295395.5 
294.5 202.3 162.2 56.3 50042.3 1108.7 365.2 4710.2 10544.2 27662.5 70252.1 298928.8 
298.5 214.0 159.9 58.3 52727.2 1375.7 388.0 4857.3 10819.6 28313.0 71064.1 293632.5 
302.5 189.5 162.7 57.0 52905.0 1116.8 350.6 4871.3 10271.6 28589.1 71856.3 295219.7 
 
Appendix Table I-2: SAB16 data table part 1. Bulk Density (BD) expressed as g/cm3. Water Content 
(WC), carbon (C), and nitrogen (N) expressed as %. Grain size (GS) refers to mean grain size.   





SAB16_0-1        0.5 20 73.8 1.2 0.6 5.1 8.7     
SAB16_2-3        2.5 25 72.2 1.3 0.5 4.8 8.8     
SAB16_4-5        4.5 30 70.6 1.3 0.5 4.7 9.2     
SAB16_6-7        6.5 35 71.3 1.3 0.5 4.8 8.8     
SAB16_8-9        8.5 40 69.7 1.3 0.5 4.5 9.3     
SAB16_10-11      10.5 112 66.6 1.3 0.5 4.2 9.3     
SAB16_12-13      12.5 184 63.3 1.3 0.4 3.7 9.4     
SAB16_14-15      14.5 257 59.2 1.4 0.4 3.8 10.5     
SAB16_16-17      16.5 329 57.1 1.4 0.3 3.6 10.3     
SAB16_18-19      18.5 401 55.6 1.4 0.3 3.4 10.2     
SAB16_20-21      20.5 473 53.2 1.5 0.3 3.3 10.5     
SAB16_22-23      22.5 545 52.0 1.5 0.3 3.3 10.4     
SAB16_24-25      24.5 618 50.5 1.5 0.3 3.0 10.3     
SAB16_26-27      26.5 690 48.4 1.5 0.3 2.7 10.5     
SAB16_28-29      28.5 762 47.7 1.5 0.2 2.5 10.5     
SAB16_30-31      30.5 836 47.6 1.5 0.2 2.4 10.5     
SAB16_32-33      32.5 987 47.7 1.5 0.2 2.4 10.4     
SAB16_34-35      34.5 1136 47.0 1.5 0.2 2.4 10.7     
SAB16_36-37      36.5 1285 48.6 1.5 0.3 2.7 10.6     
SAB16_38-39      38.5 1435 49.8 1.5 0.3 3.0 10.9     
SAB16_40-41      40.5 1584 52.6 1.5 0.3 3.6 10.9     
SAB16_42-43      42.5 1733 50.8 1.5 0.3 3.1 10.3     
SAB16_44-45      44.5 1882 46.2 1.6 0.2 2.6 11.0     
SAB16_46-47      46.5 2032 45.1 1.6 0.2 2.4 10.9     
SAB16_48-49      48.5 2181 44.2 1.6 0.2 2.3 10.6     
SAB16_50-51      50.5 2330 44.7 1.6 0.2 2.2 10.9     
SAB16_52-53      52.5 2479 44.6 1.6 0.2 2.3 11.1     
SAB16_54-55      54.5 2629 42.1 1.6 0.2 2.0 10.2     
SAB16_56-57      56.5 2778 40.4 1.6 0.2 1.9 10.5     
SAB16_58-59      58.5 2927 40.5 1.6 0.2 1.8 10.5     
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SAB16_60-61      60.5 3076 40.8 1.6 0.2 1.8 10.9     
SAB16_62-63      62.5 3226 40.2 1.6 0.2 1.9 10.7     
SAB16_64-65      64.5 3375 43.0 1.6 0.2 2.1 10.5     
SAB16_66-67      66.5 3524 42.9 1.6 0.2 2.1 10.4     
SAB16_68-69      68.5 3674 39.6 1.7 0.2 1.7 10.5     
SAB16_70-71      70.5 3823 40.9 1.6 0.2 2.0 10.9     
SAB16_72-73      72.5 3972 40.9 1.6 0.2 2.0 9.8     
SAB16_74-75      74.5 4121 42.1 1.6 0.2 2.1 9.3     
SAB16_76-77      76.5 4271 42.7 1.6 0.2 2.2 9.0     
SAB16_78-79      78.5 4420 44.0 1.6 0.2 2.5 10.6     
SAB16_80-81      80.5 4569 45.5 1.6 0.3 3.0 10.8     
SAB16_82-83      82.5 4718 48.9 1.5 0.3 3.1 10.5     
SAB16_84-85      84.5 4868 51.3 1.5 0.3 3.5 10.6     
SAB16_86-87      86.5 5017 51.0 1.5 0.4 3.9 10.3     
SAB16_88-89      88.5 5166 51.6 1.5 0.4 4.0 10.5     
SAB16_90-91      90.5 5315 57.6 1.4 0.4 4.0 10.5     
SAB16_92-93      92.5 5465 53.4 1.5 0.4 3.9 10.3     
SAB16_94-95      94.5 5614 53.0 1.5 0.3 3.4 10.4     
SAB16_96-97      96.5 5763 50.3 1.5 0.3 3.6 10.4     
SAB16_98-99      98.5 5912 51.5 1.5 0.4 3.8 10.2     
SAB16_100-101    100.5 6062 53.3 1.5 0.4 3.6 10.1     
SAB16_102-103    102.5 6211 52.0 1.5 0.3 3.4 10.2     
SAB16_104-105    104.5 6360 51.3 1.5 0.4 3.9 10.7     
SAB16_106-107    106.5 6509 52.5 1.5 0.4 3.9 10.3     
SAB16_108-109    108.5 6659 53.7 1.5 0.4 4.0 10.3     
SAB16_110-111    110.5 6808 54.7 1.4 0.4 4.2 10.4     
SAB16_112-113    112.5 6957 53.9 1.5 0.4 4.2 10.5     
SAB16_114-115    114.5 7106 53.9 1.5 0.4 4.4 10.6     
SAB16_116-117    116.5 7256 54.9 1.4 0.4 4.7 10.7     
SAB16_118-119    118.5 7405 55.7 1.4 0.4 4.6 10.4     
SAB16_120-121    120.5 7543 55.6 1.4 0.4 4.4 10.3     
SAB16_122-123    122.5 7557 55.1 1.4 0.4 4.7 10.8     
SAB16_124-125    124.5 7582 56.0 1.4 0.4 4.5 10.2     
SAB16_126-127    126.5 7606 56.0 1.4 0.4 4.4 10.2     
SAB16_128-129    128.5 7631 56.8 1.4 0.4 4.4 10.0     
SAB16_130-131    130.5 7656 57.0 1.4 0.4 4.4 9.9     
SAB16_132-133    132.5 7680 57.5 1.4 0.4 4.3 9.9     
SAB16_134-135    134.5 7705 56.6 1.4 0.4 4.0 9.6     
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SAB16_136-137    136.5 7730 56.6 1.4 0.4 4.1 10.0     
SAB16_138-139    138.5 7754 56.1 1.4 0.4 4.4 10.6     
SAB16_140-141    140.5 7779 56.5 1.4 0.4 4.0 9.8     
SAB16_142-143    142.5 7803 55.0 1.4 0.4 3.9 9.6     
SAB16_144-145    144.5 7828 55.5 1.4 0.4 3.8 9.4     
SAB16_146-147    146.5 7853 55.7 1.4 0.4 3.9 9.4     
SAB16_148-149    148.5 7877 56.6 1.4 0.4 4.2 9.5     
SAB16_150-151    150.5 7902 58.0 1.4 0.4 4.3 10.0     
SAB16_152-153    152.5 7927 58.8 1.4 0.4 3.8 9.5     
SAB16_154-155    154.5 7951 56.1 1.4 0.4 3.6 9.3     
SAB16_156-157  156.5 7976 55.5 1.4 0.4 3.5 9.4     
SAB16_158-159  158.5 8000 55.2 1.4 0.4 3.4 9.3     
SAB16_160-161  160.5 8025 54.5 1.4 0.4 3.4 9.0     
SAB16_162-163  162.5 8050 55.4 1.4 0.4 3.5 9.2     
SAB16_164-165  164.5 8074 55.6 1.4 0.4 3.7 9.1     
SAB16_166-167  166.5 8099 56.0 1.4 0.4 3.7 9.3     
SAB16_168-169  168.5 8124 56.2 1.4 0.4 3.2 9.0     
SAB16_170-171  170.5 8148 54.6 1.4 0.3 2.9 8.8     
SAB16_172-173  172.5 8173 52.5 1.5 0.4 3.0 8.4     
SAB16_174-175  174.5 8198 53.3 1.5 0.3 3.2 9.1     
SAB16_176-177  176.5 8222 53.4 1.5 0.3 3.0 8.6     
SAB16_178-179  178.5 8247 52.3 1.5 0.3 2.6 8.4     
SAB16_180-181  180.5 8271 51.7 1.5 0.3 2.8 8.8     
SAB16_182-183  182.5 8296 51.8 1.5 0.3 2.7 8.3     
SAB16_184-185  184.5 8321 52.1 1.5 0.3 2.8 8.2     
SAB16_186-187  186.5 8345 52.8 1.5 0.3 2.8 8.3     
SAB16_188-189  188.5 8370 53.3 1.5 0.3 2.7 8.0     
SAB16_190-191  190.5 8395 52.7 1.5 0.3 2.4 7.4     
SAB16_192-193  192.5 8419 51.6 1.5 0.3 2.0 7.7     
SAB16_194-195  194.5 8444 50.7 1.5 0.3 2.0 7.8     
SAB16_196-197  196.5 8468 47.9 1.5 0.3 2.1 8.2     
SAB16_198-199  198.5 8493 47.6 1.5 0.3 1.9 7.5     
SAB16_200-201  200.5 8518 48.3 1.5 0.2 1.7 6.9     
SAB16_202-203  202.5 8542 47.5 1.5 0.3 1.7 6.2 -25.91   
SAB16_204-205  204.5 8567 47.1 1.5 0.3 2.0 7.4     
SAB16_206-207  206.5 8592 47.3 1.5 0.3 2.1 6.7 -25.73   
SAB16_208-209  208.5 8616 47.9 1.5 0.5 4.8 10.2     
SAB16_210-211  210.5 8642 58.5 1.4 1.1 12.4 11.2 -24.48   
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SAB16_212-213  212.5 8683 71.0 1.3 1.3 15.9 12.0     
SAB16_214-215  214.5 8721 74.7 1.2 1.3 15.1 11.6 -23.91   
SAB16_216-217  216.5 8760 73.7 1.2 1.4 15.5 11.3     
SAB16_218-219  218.5 8799 74.8 1.2 1.5 16.9 11.6 -24.27   
SAB16_220-221  220.5 8837 76.8 1.2 1.4 16.2 11.4     
SAB16_222-223  222.5 8876 76.7 1.2 1.4 16.8 12.0 -24.33   
SAB16_224-225  224.5 8915 77.1 1.2 1.4 18.0 12.4     
SAB16_226-227  226.5 8953 78.5 1.2 1.5 17.8 12.1 -24.92   
SAB16_228-229  228.5 8992 77.1 1.2 1.5 17.5 11.7     
SAB16_230-231  230.5 9031 79.1 1.2 1.6 18.8 11.7 -24.40   
SAB16_232-233  232.5 9069 79.4 1.2 1.5 18.2 11.8     
SAB16_234-235  234.5 9108 79.6 1.2 1.7 20.0 11.8 -24.16   
SAB16_236-237  236.5 9147 80.8 1.2 1.6 19.1 11.9     
SAB16_238-239  238.5 9185 81.2 1.2 1.8 20.2 11.3 -24.00   
SAB16_240-241  240.5 9224 81.0 1.2 1.5 16.3 11.1     
SAB16_242-234  242.5 9263 80.1 1.2 1.8 18.1 10.1 -24.59   
SAB16_244-245  244.5 9302 80.1 1.2 2.2 21.7 10.1     
SAB16_246-247  246.5 9340 81.1 1.2 2.1 19.7 9.6 -24.93   
SAB16_248-249  248.5 9376 80.3 1.2 2.5 23.5 9.3     
SAB16_250-251  250.5 9382 81.9 1.2 2.2 22.2 10.1 -25.62   
SAB16_252-253  252.5 9390 79.8 1.2 2.1 19.2 9.4     
SAB16_254-255  254.5 9398 78.2 1.2 2.2 19.9 9.2 -25.78   
SAB16_256-257  256.5 9405 78.2 1.2 2.5 23.0 9.3     
SAB16_258-259  258.5 9413 80.8 1.2 2.1 19.8 9.6 -25.67   
SAB16_260-261    260.5 9421 78.1 1.2 1.9 19.9 10.6     
SAB16_262-263    262.5 9429 79.1 1.2 1.7 17.5 10.3 -25.92   
SAB16_264-265    264.5 9437 76.6 1.2 1.6 16.8 10.3     
SAB16_266-267    266.5 9445 76.1 1.2 1.7 17.1 10.0 -25.72   
SAB16_268-269    268.5 9453 76.5 1.2 1.9 19.0 9.8     
SAB16_270-271    270.5 9461 77.7 1.2 2.2 20.7 9.6 -25.46   
SAB16_272-273    272.5 9469 79.5 1.2 1.8 18.2 10.2     
SAB16_274-275    274.5 9477 77.4 1.2 1.5 16.0 10.5 -26.58   
SAB16_276-277    276.5 9484 75.5 1.2 1.5 15.5 10.6     
SAB16_278-279    278.5 9492 73.8 1.2 1.4 14.7 10.4 -26.69   
SAB16_280-281    280.5 9500 72.8 1.3 1.6 14.8 9.3     
SAB16_282-283    282.5 9508 73.9 1.2 1.5 15.6 10.5 -26.87   
SAB16_284-285    284.5 9516 73.4 1.3 1.5 15.9 11.0     
SAB16_286-287    286.5 9524 73.6 1.2 1.5 16.0 10.5 -26.87   
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SAB16_288-289    288.5 9532 72.8 1.3 1.4 15.4 11.1     
SAB16_290-291    290.5 9540 70.6 1.3 1.3 15.0 11.7 -28.00   
SAB16_292-293    292.5 9548 69.2 1.3 1.3 14.0 11.0     
SAB16_294-295    294.5 9555 69.7 1.3 0.8 9.0 10.7 -27.88 7.6 
SAB16_296-297    296.5 9563 56.5 1.4 0.2 1.4 7.8   12.1 
SAB16_298-299    298.5 9571 29.0 1.8 0.1 0.4 3.4 -26.75 10.1 
SAB16_300-301    300.5 9579 22.5 2.0 0.1 0.2 2.0   9.7 
SAB16_302-303    302.5 9587 21.5 2.0 0.1 0.2 2.8 -26.62 5.1 
 
Appendix Table I-3: SAB16 data table part 2 – XRF data. Elemental concentrations are expressed in 
ppm. 
Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_0-1        213.8 131.9 63.0 53842.5 1024.8 382.5 4629.0 9251.4 26888.5 63001.8 278805.2 
SAB16_2-3        205.6 144.1 67.4 55858.2 907.6 367.7 4968.1 10160.6 29260.9 69402.3 294363.2 
SAB16_4-5        244.6 145.4 68.6 54050.4 826.8 393.3 4962.2 10004.7 29026.3 69349.2 298606.3 
SAB16_6-7        202.9 129.9 61.3 48249.2 640.0 348.7 4478.9 9019.6 26069.1 60817.1 275921.3 
SAB16_8-9        209.7 135.4 65.5 52097.7 773.9 391.8 4929.4 9519.3 28841.9 65685.4 291267.1 
SAB16_10-11      211.4 142.0 65.8 51282.4 744.6 363.9 4887.3 9826.4 28047.7 68120.2 293545.8 
SAB16_12-13      226.5 137.4 58.6 45114.3 613.4 304.2 4557.5 8921.1 25885.2 60932.9 276790.9 
SAB16_14-15      249.8 140.1 59.1 44973.7 590.1 343.6 4722.2 9410.3 25894.2 62987.9 286336.5 
SAB16_16-17      247.2 135.6 58.2 44531.0 535.6 323.8 4463.5 8929.3 24802.1 59932.3 280539.8 
SAB16_18-19      253.9 141.5 56.3 42921.5 498.5 329.4 4353.7 8909.0 24138.7 58640.1 278290.3 
SAB16_20-21      266.0 143.3 52.1 41503.9 507.3 287.5 4283.2 8954.3 23825.2 57477.1 280796.8 
SAB16_22-23      288.4 148.9 52.5 40092.3 508.2 290.5 4174.8 9427.2 22842.3 50000.5 275074.7 
SAB16_24-25      292.1 143.6 50.9 39206.3 547.4 311.0 4381.4 9054.7 23273.0 55729.3 283145.8 
SAB16_26-27      328.1 171.7 58.1 46493.4 634.0 359.8 5199.8 10562.3 26926.0 67004.4 315241.4 
SAB16_28-29      308.1 152.4 50.8 39909.0 512.3 308.8 4527.0 9507.9 24244.8 60713.7 299255.4 
SAB16_30-31      274.6 148.8 49.9 39193.6 563.6 323.8 4490.0 8775.0 23463.4 58518.4 293701.4 
SAB16_32-33      295.9 153.5 51.3 38936.1 543.5 322.5 4520.5 9305.9 23577.2 56569.8 295535.0 
SAB16_34-35      351.2 160.0 44.8 34884.2 490.5 293.2 4438.0 9870.6 22470.9 57570.2 309173.0 
SAB16_36-37      338.2 155.8 43.6 33549.6 474.4 282.2 4224.5 9573.2 21698.4 54642.0 307747.0 
SAB16_38-39      339.8 151.2 44.2 33273.1 451.2 267.9 4259.9 9285.9 21823.7 53741.6 302693.7 
SAB16_40-41      316.9 148.8 47.6 36635.0 516.1 291.1 4255.3 9573.9 22292.5 54065.0 299756.3 
SAB16_42-43      345.7 152.2 44.3 34105.4 553.4 297.0 4212.0 9627.3 21622.2 52752.0 302846.2 
SAB16_44-45      388.6 166.3 40.9 32581.4 488.3 252.7 4270.2 9849.5 21616.3 51910.6 308014.3 
SAB16_46-47      382.5 172.6 44.0 33482.1 482.8 248.6 4458.6 10372.9 22181.7 55183.7 315982.0 
SAB16_48-49      348.2 165.4 46.0 37606.0 566.9 295.2 4654.7 10382.4 22897.3 59666.3 318023.4 
SAB16_50-51      357.3 160.6 44.1 34593.5 497.5 293.3 4460.2 9942.5 22119.7 54775.0 312716.4 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_52-53      345.6 157.9 43.6 34178.2 491.3 267.9 4394.6 9776.7 22332.5 54160.8 303128.8 
SAB16_54-55      371.8 165.8 44.2 36529.9 549.2 267.7 4546.1 9839.5 22050.3 52445.7 297742.1 
SAB16_56-57      358.0 172.2 47.7 36686.7 548.2 274.4 4639.2 10501.7 22693.7 58187.9 316790.9 
SAB16_58-59      337.2 168.4 45.4 35680.4 497.3 284.6 4603.5 10157.4 23160.7 57281.8 313361.1 
SAB16_60-61      383.8 171.5 45.1 35434.6 530.0 281.4 4687.2 10668.2 23087.9 56795.4 324104.7 
SAB16_62-63      380.0 178.3 46.9 37031.1 575.9 287.0 4995.6 10542.0 23792.9 58795.0 324865.9 
SAB16_64-65      352.8 171.3 48.5 38183.5 513.6 301.3 4872.5 10585.4 24568.7 61736.0 324543.1 
SAB16_66-67      369.0 169.8 44.6 35020.2 524.3 273.2 4703.2 10569.7 22934.3 56527.6 316552.1 
SAB16_68-69      386.6 169.9 40.2 31590.1 468.4 289.2 4491.4 10029.1 21210.9 54670.8 315960.7 
SAB16_70-71      353.7 158.5 40.4 30715.4 469.3 254.8 4255.8 9709.2 20078.6 49301.7 303546.5 
SAB16_72-73      367.4 164.9 41.5 31531.4 455.8 233.9 4172.2 9985.3 20789.4 48558.0 300305.6 
SAB16_74-75      344.3 159.0 40.2 32218.4 478.3 233.6 4268.0 9604.9 21203.1 49343.6 301498.8 
SAB16_76-77      340.9 155.3 44.9 34356.4 463.7 278.5 4338.6 9867.8 21785.6 51658.4 303580.7 
SAB16_78-79      327.5 155.0 48.0 40239.3 558.8 303.3 4766.2 9963.0 23843.2 60059.3 312610.1 
SAB16_80-81      284.7 143.3 52.3 41077.1 604.7 304.3 4521.0 9088.8 23736.3 58502.6 290642.9 
SAB16_82-83      261.4 143.2 53.9 42796.7 591.2 330.7 4575.4 9099.6 24635.3 57563.5 283374.1 
SAB16_84-85      270.0 139.6 51.0 40947.7 603.8 295.0 4409.5 9052.7 23413.2 56227.0 287246.4 
SAB16_86-87      275.1 137.6 51.6 41598.8 642.1 304.6 4374.9 9248.5 23341.3 52668.3 277108.5 
SAB16_88-89      256.9 136.3 53.2 42042.9 608.5 292.0 4440.6 8794.1 23828.8 56066.5 281592.7 
SAB16_90-91      276.3 136.5 53.5 42946.3 628.1 328.6 4352.2 9409.0 24721.2 56618.9 276008.6 
SAB16_92-93      282.3 141.9 53.1 44461.6 607.3 317.8 4308.1 9490.8 24439.2 56331.2 269740.4 
SAB16_94-95      334.4 149.9 50.0 41868.6 649.3 295.6 4176.7 9677.9 24371.1 56909.6 273308.6 
SAB16_96-97      304.5 147.4 52.9 44200.6 603.3 326.1 4485.5 9687.5 24634.3 55823.0 273768.7 
SAB16_98-99      259.5 137.6 54.6 45239.4 661.9 311.9 4385.7 9325.4 24533.2 57285.5 267376.5 
SAB16_100-101    272.1 142.1 56.5 45690.4 608.6 339.0 4431.7 9479.6 24944.6 58978.7 273100.8 
SAB16_102-103    274.1 137.9 53.2 44793.8 625.8 307.4 4417.6 9057.1 24088.7 56448.5 263909.4 
SAB16_104-105    255.2 136.9 54.3 46497.0 638.7 339.7 4533.3 9435.1 25763.6 62197.7 272860.2 
SAB16_106-107    272.3 140.1 55.6 47837.1 693.9 314.6 4544.1 9450.2 26312.8 60928.9 271108.0 
SAB16_108-109    249.6 146.1 60.6 50215.4 742.5 361.8 4794.6 9609.9 27380.1 64100.4 278228.0 
SAB16_110-111    245.4 139.7 57.4 48452.2 761.0 329.7 4692.3 9207.8 26651.7 62765.3 268119.1 
SAB16_112-113    256.2 138.0 55.3 45904.8 720.1 339.6 4245.3 9366.5 25563.8 59967.9 265912.2 
SAB16_114-115    234.1 135.2 57.4 48903.4 709.5 359.9 4447.9 9431.1 25744.0 59210.9 258186.0 
SAB16_116-117    242.9 133.7 59.5 48500.2 699.1 332.1 4476.9 9103.3 26242.0 60548.4 257593.8 
SAB16_118-119    232.6 135.2 60.8 48976.1 712.9 343.1 4386.0 9032.0 26360.8 62761.7 262936.8 
SAB16_120-121    247.4 135.9 56.9 48096.3 696.5 345.1 4402.9 9335.5 26251.3 62177.6 262992.0 
SAB16_122-123    222.3 130.0 59.1 49251.7 700.3 338.0 4403.6 8707.6 26186.6 61827.7 254104.2 
SAB16_124-125    228.5 133.5 63.7 52070.7 768.1 393.8 4671.0 9478.4 28342.3 66761.6 265333.3 
SAB16_126-127    205.9 130.4 62.4 50497.6 740.6 342.0 4489.8 8938.4 27673.6 63842.7 257503.9 
SAB16_128-129    203.5 127.7 61.8 49453.5 775.2 319.5 4521.3 8602.1 27533.6 64354.3 255847.6 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_130-131    215.8 147.5 74.8 62817.8 963.5 419.1 5402.0 10686.2 33490.2 79130.2 288509.9 
SAB16_132-133    197.8 134.5 66.9 53244.8 744.0 358.7 4715.3 9086.7 29096.7 67998.7 260880.6 
SAB16_134-135    195.7 134.0 65.5 52590.5 721.8 356.5 4613.8 9059.3 29028.0 68201.3 261567.2 
SAB16_136-137    186.4 128.6 64.0 53164.4 701.2 344.8 4492.5 8729.6 28269.9 61750.1 251392.7 
SAB16_138-139    187.8 130.4 63.7 51954.9 791.4 351.1 4547.4 8732.3 28806.3 65547.6 255128.5 
SAB16_140-141    201.2 134.8 65.3 53393.8 766.7 376.2 4696.6 8980.4 28823.3 65144.1 256336.3 
SAB16_142-143    223.6 156.4 77.8 63375.3 919.7 444.6 5399.8 10520.6 34009.3 82953.8 295425.8 
SAB16_144-145    194.1 132.4 63.9 51986.9 732.4 388.6 4515.9 8667.7 28686.4 67221.2 258909.1 
SAB16_146-147    186.6 135.8 65.7 53911.4 762.2 375.1 4565.3 8918.2 29644.3 69090.4 263739.1 
SAB16_148-149    192.9 131.3 64.0 52451.8 734.1 367.4 4407.3 8806.3 28450.4 66082.6 256909.4 
SAB16_150-151    182.2 131.9 64.5 51914.1 756.3 337.2 4418.0 8710.7 28146.8 59783.4 244338.3 
SAB16_152-153    187.9 128.9 64.8 52933.5 718.8 336.6 4505.5 8644.7 28872.0 64481.5 254731.1 
SAB16_154-155    186.7 132.4 66.8 53945.4 767.6 389.8 4530.1 8679.6 29455.2 67481.0 255988.1 
SAB16_156-157  187.9 130.8 66.7 54294.3 808.4 348.9 4562.6 8774.6 29647.6 66158.0 255916.8 
SAB16_158-159  184.4 131.4 68.4 54573.8 738.7 384.0 4377.8 8373.4 28815.4 62207.1 242544.6 
SAB16_160-161  175.8 128.2 67.7 53066.8 718.9 390.4 4529.7 8525.6 29269.0 68992.1 258711.3 
SAB16_162-163  182.6 129.0 66.1 53994.9 708.7 373.7 4427.2 8487.2 29129.0 66557.3 253410.7 
SAB16_164-165  176.6 130.4 66.9 53698.4 790.0 390.1 4425.3 8559.5 28948.9 65398.3 249085.1 
SAB16_166-167  179.1 128.3 67.0 53268.8 756.0 349.2 4388.4 8841.7 29101.5 65071.5 247832.5 
SAB16_168-169  180.5 135.5 67.5 55327.3 703.8 364.3 4519.0 8445.9 29719.7 67451.6 257709.0 
SAB16_170-171  194.3 129.0 67.1 52372.9 719.0 368.1 4579.9 8465.5 29369.3 68814.5 261459.4 
SAB16_172-173  189.5 136.1 67.4 52898.8 754.8 389.3 4717.7 9045.0 30218.2 68613.0 261152.8 
SAB16_174-175  199.7 135.8 66.4 53475.3 780.3 370.0 4652.1 9165.4 28973.7 66722.2 256889.5 
SAB16_176-177  194.5 131.9 65.9 51547.9 776.4 388.4 4506.3 8702.5 29376.6 67155.1 257058.8 
SAB16_178-179  177.3 132.2 66.2 52387.0 685.4 385.4 4609.1 8756.2 29845.0 69491.9 264074.5 
SAB16_180-181  181.5 130.4 66.7 51919.7 721.8 371.5 4473.6 8366.6 28479.3 64146.2 251624.3 
SAB16_182-183  182.0 133.5 67.8 53449.2 764.2 361.7 4586.0 8510.2 29355.3 69772.3 260667.7 
SAB16_184-185  181.4 136.1 69.9 56464.1 759.3 364.4 4773.4 8769.4 30365.5 73537.8 267879.3 
SAB16_186-187  174.4 134.2 68.1 55463.8 759.4 400.4 4637.4 9165.5 30728.1 71815.4 264128.6 
SAB16_188-189  169.8 133.8 64.4 56070.2 721.3 349.2 4543.5 8633.2 29735.9 68705.8 256223.3 
SAB16_190-191  180.0 133.9 67.4 54781.7 745.3 367.7 4649.6 8553.3 29519.8 67230.5 258795.6 
SAB16_192-193  184.7 141.2 68.6 54372.8 746.9 365.6 4755.3 9081.5 30316.0 70996.6 270008.9 
SAB16_194-195  197.3 139.9 66.4 55153.3 718.9 390.5 4749.5 9121.6 29583.6 69070.1 262934.8 
SAB16_196-197  208.1 141.3 67.8 55049.3 725.5 394.6 4837.0 9208.9 29875.4 68967.2 268532.3 
SAB16_198-199  209.3 145.2 66.0 55674.3 807.8 408.6 4937.7 9394.2 30251.1 72995.0 274968.9 
SAB16_200-201  199.5 141.1 66.9 53652.2 768.4 379.7 4804.6 9218.1 29899.8 68698.4 267890.8 
SAB16_202-203  207.4 144.9 68.1 54945.6 752.6 352.9 4936.5 9489.1 30321.6 70851.2 269357.7 
SAB16_204-205  202.6 140.5 66.3 52511.0 724.5 379.5 4825.0 9096.6 29401.4 70245.3 270002.9 
SAB16_206-207  209.6 140.7 64.0 51592.5 792.3 357.4 4838.5 9287.6 28853.2 67433.5 266549.0 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_208-209  180.4 134.2 64.7 58448.1 795.1 378.9 4450.7 9731.1 28123.6 64674.5 244040.6 
SAB16_210-211  132.3 132.6 61.7 79973.2 1009.4 402.1 4213.6 12141.9 28489.6 63204.3 219852.6 
SAB16_212-213  111.8 123.1 58.1 79211.1 1088.9 432.3 3938.2 12770.3 27438.0 56487.0 208558.6 
SAB16_214-215  117.0 129.3 59.9 79597.3 1079.1 380.5 4344.5 13480.0 28023.2 59858.5 220043.2 
SAB16_216-217  108.0 133.7 62.7 84539.4 1147.4 422.4 4510.5 14318.3 30506.3 65193.7 233472.1 
SAB16_218-219  94.0 123.4 56.3 79995.2 1018.4 353.7 3869.3 13454.5 26919.8 57235.2 220763.4 
SAB16_220-221  99.5 138.6 61.9 86400.2 1243.5 422.1 4396.1 15229.2 30623.4 61515.4 241337.1 
SAB16_222-223  105.7 132.9 60.8 79096.4 1310.3 410.9 4596.4 15391.1 30959.5 62438.7 258808.4 
SAB16_224-225  94.0 129.4 56.0 79302.9 1272.0 420.6 4220.0 15729.0 29115.2 60857.5 254335.3 
SAB16_226-227  108.3 128.0 57.5 65120.0 1260.1 389.2 4324.4 15001.9 28200.2 57899.6 268982.8 
SAB16_228-229  100.7 128.9 55.0 72100.4 1311.0 419.4 4092.7 15507.5 27345.3 56395.8 287929.8 
SAB16_230-231  92.4 123.0 51.6 69602.8 1218.3 426.1 4043.8 16103.7 26818.7 53586.8 311278.8 
SAB16_232-233  92.7 121.0 49.9 63663.9 1230.8 359.5 4023.1 15712.8 26207.8 51996.1 306293.9 
SAB16_234-235  76.1 116.1 45.7 61624.6 1388.6 366.5 3618.2 17159.3 23753.1 46911.8 328792.1 
SAB16_236-237  83.6 118.8 48.6 57996.3 1287.5 383.6 3763.0 16371.3 24650.2 48986.3 345857.5 
SAB16_238-239  78.0 121.6 47.0 68247.8 1493.4 406.6 4051.5 20325.3 27383.2 54787.6 344280.5 
SAB16_240-241  71.7 106.1 41.3 59485.3 1192.1 340.5 3369.6 13997.1 22690.3 45564.1 402231.8 
SAB16_242-234  78.9 116.7 45.2 63257.2 1359.0 348.6 3909.0 17176.7 25848.7 52043.0 353436.4 
SAB16_244-245  84.5 122.7 43.6 61045.0 1475.3 361.6 3503.1 19568.3 22954.8 44298.3 287685.3 
SAB16_246-247  78.5 124.5 46.2 71545.1 1363.3 308.0 3768.8 17922.6 25398.8 52136.9 297696.4 
SAB16_248-249  66.1 121.3 46.9 74447.8 1482.5 384.0 3699.9 18794.6 25540.6 49115.3 272178.7 
SAB16_250-251  81.0 131.6 48.3 74307.4 1525.9 378.8 3959.3 20440.6 26444.5 52448.3 266121.6 
SAB16_252-253  74.3 125.7 49.7 70963.9 1207.4 345.4 3562.7 16355.6 25104.7 48064.2 224433.3 
SAB16_254-255  84.4 136.4 54.4 66542.3 1299.6 365.8 3871.1 18417.4 26963.1 48370.2 207222.6 
SAB16_256-257  72.3 138.5 50.7 70040.7 1402.2 384.3 3726.2 19881.5 25627.0 47688.1 200743.8 
SAB16_258-259  76.0 130.7 51.7 73509.7 1149.1 329.3 3616.2 16663.3 25331.3 49438.7 198142.1 
SAB16_260-261    70.1 140.1 52.8 83728.0 1381.4 365.2 3741.2 18674.6 26311.8 51931.7 218271.6 
SAB16_262-263    75.3 133.0 54.4 73179.2 1157.1 346.5 3626.6 16316.1 26086.1 51184.1 207015.7 
SAB16_264-265    75.8 138.7 54.7 71214.2 1152.4 335.3 3664.2 17608.4 26056.9 51957.2 207950.8 
SAB16_266-267    73.2 138.5 55.3 74648.8 1306.0 315.3 3812.9 17559.1 27348.0 52583.9 203209.9 
SAB16_268-269    72.8 134.9 51.0 71343.4 1165.7 296.2 3478.7 16937.0 24644.3 49100.8 200875.1 
SAB16_270-271    63.6 140.2 49.2 80041.6 1397.2 338.4 3543.7 19945.5 25406.6 50250.6 211241.7 
SAB16_272-273    74.3 138.4 49.5 79663.2 1262.5 315.2 3516.8 18537.6 25339.2 49600.5 225086.8 
SAB16_274-275    80.0 141.9 58.3 77333.9 1153.9 399.6 3783.1 16102.5 27576.3 55040.5 226896.5 
SAB16_276-277    91.8 154.2 56.6 80391.6 1199.7 363.6 4049.6 16982.2 27669.2 58719.5 235956.1 
SAB16_278-279    93.3 150.1 56.5 73275.3 1177.8 338.0 3858.0 16551.5 26791.8 57255.3 243511.6 
SAB16_280-281    82.2 143.5 53.8 68674.2 1143.9 317.0 3747.5 16883.7 25454.3 51569.3 235559.9 
SAB16_282-283    81.9 141.4 51.0 66543.4 1119.5 307.8 3567.7 16129.0 23827.3 48305.4 224560.0 
SAB16_284-285    85.7 145.6 52.1 68039.2 1143.2 352.8 3709.7 17807.4 25140.6 52174.2 233762.5 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_286-287    89.6 153.3 54.7 69980.1 1244.8 352.8 3816.4 18427.4 26304.4 55871.8 239888.8 
SAB16_288-289    90.7 153.6 53.7 60925.7 1127.9 310.6 3685.0 19215.4 24398.5 49639.8 226310.8 
SAB16_290-291    97.7 181.1 56.3 57224.0 1199.7 337.5 3711.5 28039.5 24975.7 51830.3 225327.5 
SAB16_292-293    115.9 174.7 55.9 55604.8 1180.0 287.8 3786.5 27097.8 24418.3 51038.0 228400.4 
SAB16_294-295    160.7 170.0 58.5 50019.1 915.6 317.3 3989.4 18545.7 25129.9 54650.2 237105.5 
SAB16_296-297    258.9 169.5 54.3 41423.6 569.4 302.2 4423.0 10759.9 25159.6 63182.1 287189.2 
SAB16_298-299    302.8 169.8 49.9 40217.8 620.4 280.1 4560.4 10362.2 24999.9 63183.1 290658.6 
SAB16_300-301    245.4 165.7 53.3 42777.9 583.3 318.2 4545.7 10213.7 26100.0 66118.8 287941.1 
SAB16_302-303    243.4 167.1 54.7 44321.6 609.2 322.4 4569.1 10251.4 26797.6 66311.2 284246.0 
 
Appendix Table I-4: SAB16-A data table part 1. Bulk Density (BD) expressed as g/cm3. Water 
Content (WC), carbon (C), and nitrogen (N) expressed as %. Grain size (GS) refers to mean grain 
size.   
Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_A_0-1      0.5 15.0 73.1 1.3 4.7 0.6 8.3   
SAB16_A_2-3      2.5 23.3 74.6 1.2 4.7 0.6 8.2   
SAB16_A_4-5      4.5 31.7 73.6 1.2 4.6 0.5 8.4   
SAB16_A_6-7      6.5 40.0 72.3 1.3 4.2 0.5 8.5   
SAB16_A_8-9      8.5 153.7 69.4 1.3 4.0 0.5 8.6   
SAB16_A_10-11    10.5 267.3 65.0 1.3 3.7 0.4 9.1   
SAB16_A_12-13    12.5 380.9 59.9 1.4 3.3 0.4 8.9   
SAB16_A_14-15    14.5 494.6 55.3 1.4 3.2 0.3 9.2   
SAB16_A_16-17    16.5 608.2 53.0 1.5 3.0 0.3 9.7   
SAB16_A_18-19    18.5 721.8 47.8 1.5 2.3 0.2 9.7   
SAB16_A_20-21    20.5 833.5 50.5 1.5 2.7 0.3 9.8   
SAB16_A_22-23    22.5 1307.6 51.5 1.5 2.7 0.3 9.7   
SAB16_A_24-25    24.5 1783.8 47.8 1.5 2.1 0.2 9.6   
SAB16_A_26-27    26.5 2260.0 45.2 1.6 1.8 0.2 10.0   
SAB16_A_28-29    28.5 2736.2 44.5 1.6 1.9 0.2 9.9   
SAB16_A_30-31    30.5 3212.4 46.1 1.6 1.3 0.1 9.8   
SAB16_A_32-33    32.5 3688.6 42.0 1.6 1.7 0.2 9.6   
SAB16_A_34-35    34.5 4164.8 40.8 1.6 1.7 0.2 10.0   
SAB16_A_36-37    36.5 4641.0 42.0 1.6 1.8 0.2 9.9   
SAB16_A_38-39    38.5 5117.1 48.0 1.5 2.6 0.3 10.0   
SAB16_A_40-41    40.5 5593.3 52.8 1.5 2.8 0.3 9.8   
SAB16_A_42-43    42.5 6069.5 52.6 1.5 3.0 0.3 10.1   
SAB16_A_44-45    44.5 6545.7 55.7 1.4 3.3 0.3 10.0   
SAB16_A_46-47    46.5 7021.9 55.8 1.4 3.3 0.3 9.7   
SAB16_A_48-49    48.5 7524.6 56.9 1.4 3.2 0.3 9.7   
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Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_A_50-52    50.5 7773.3 55.8 1.4 3.1 0.3 9.2   
SAB16_A_52-53    52.5 7995.6 54.5 1.4 2.7 0.3 9.2   
SAB16_A_54-55    54.5 8217.8 53.4 1.5 2.8 0.3 9.3   
SAB16_A_56-57    56.5 8440.0 66.0 1.3 10.2 1.0 10.5   
SAB16_A_58-59    58.5 8654.0 73.5 1.3 8.6 0.7 11.8   
SAB16_A_60-61    60.5 8726.7 75.8 1.2 13.6 1.2 11.5   
SAB16_A_62-63    62.5 8807.7 70.8 1.3 10.2 0.8 12.3   
SAB16_A_64-65    64.5 8888.7 77.2 1.2 16.4 1.4 11.7   
SAB16_A_66-67    66.5 8969.6 77.3 1.2 18.6 1.4 12.9   
SAB16_A_68-69    68.5 9047.1 77.5 1.2 19.1 1.5 12.7   
SAB16_A_70-71    70.5 9067.3 76.3 1.2 17.7 1.1 15.4   
SAB16_A_72-73    72.5 9091.1 75.9 1.2 15.4 1.1 14.3   
SAB16_A_74-75    74.5 9114.8 52.8 1.5 9.8 0.6 17.1   
SAB16_A_76-77    76.5 9138.6 21.3 2.0 0.7 0.1 7.5 16.1 
SAB16_A_78-79    78.5 9162.4 20.5 2.0 0.3 0.1 5.5 13.3 
SAB16_A_80-81    80.5 9186.1 22.4 2.0 0.3 0.1 4.3 8.9 
SAB16_A_82-83    82.5 9209.9 22.8 2.0 0.3 0.1 4.4 14.0 
SAB16_A_84-85    84.5 9233.6 21.6 2.0 0.3 0.1 4.8 6.1 
SAB16_A_86-87    86.5 9257.4 20.6 2.0 0.2 0.1 2.9 17.8 
SAB16_A_88-89    88.5 9281.1 20.0 2.0 0.2 0.1 3.5 16.1 
SAB16_A_90-91    90.5 9304.9 22.2 2.0 0.2 0.1 2.8 10.0 
SAB16_A_92-93    92.5 9328.6 24.4 1.9 0.1 0.1 2.3 4.4 
SAB16_A_94-95    94.5 9352.4 24.5 1.9 0.2 0.1 2.3 5.5 
SAB16_A_96-97    96.5 9376.1 24.2 1.9 0.2 0.1 3.2 4.9 
SAB16_A_98-99    98.5 9399.9 25.5 1.9 0.1 0.1 2.2 6.5 
SAB16_A_100-101  100.5 9423.6 23.5 2.0 0.2 0.1 3.0 4.6 
SAB16_A_102-103  102.5 9447.4 22.9 2.0 0.2 0.1 2.8 6.7 
SAB16_A_104-105  104.5 9471.1 19.0 2.1 0.1 0.1 1.9 4.5 
SAB16_A_106-107  106.5 9494.9 21.2 2.0 0.1 0.1 2.6 4.6 
SAB16_A_108-109  108.5 9518.6 20.8 2.0 0.1 0.1 1.7 4.1 
SAB16_A_110-111  110.5 9542.4 21.4 2.0 0.1 0.1 1.8 4.8 
SAB16_A_112-113  112.5 9566.2 21.3 2.0 0.1 0.0 2.2 4.4 
SAB16_A_114-115  114.5 9589.9 21.4 2.0 0.1 0.1 1.5 4.1 
SAB16_A_116-117  116.5 9613.7 21.3 2.0 0.1 0.1 1.9 3.4 
SAB16_A_118-119  118.5 9637.4 21.4 2.0 0.1 0.1 1.2 4.2 
SAB16_A_120-121  120.5 9661.2 21.9 2.0 0.1 0.0 2.1 3.6 
SAB16_A_122-123  122.5 9684.9 21.1 2.0 0.1 0.0 1.1 3.6 
SAB16_A_124-125  124.5 9708.7 21.4 2.0 0.1 0.0 1.2 5.6 
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Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_A_126-127  126.5 9732.4 22.0 2.0 0.1 0.0 2.3 4.3 
 
Appendix Table I-5: SAB16-A data table part 2 – XRF data. Elemental concentrations are expressed 
in ppm. 
 
Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_A_0-1      170.5 120.6 63.5 53905.0 890.9 333.9 4417.7 8648.7 26037.8 57401.8 262422.3 
SAB16_A_2-3      231.1 142.6 69.4 55741.1 909.6 408.8 5088.5 9905.1 29501.1 69162.0 300822.7 
SAB16_A_4-5      211.5 134.6 68.9 53298.3 759.8 379.8 4871.8 9296.9 28313.9 64803.1 285476.1 
SAB16_A_6-7      212.6 142.5 71.6 55381.0 788.8 384.4 5155.1 9551.1 29981.1 69840.0 305851.7 
SAB16_A_8-9      212.7 133.8 62.8 48112.2 609.7 321.9 4502.2 8393.4 26037.5 58846.5 276642.7 
SAB16_A_10-11    226.6 133.9 59.7 44936.3 580.0 307.3 4243.8 8299.3 24766.8 56744.7 266970.3 
SAB16_A_12-13    272.6 142.2 60.5 45781.7 698.3 314.4 4621.4 9236.6 25917.3 61866.5 290852.5 
SAB16_A_14-15    283.1 140.8 55.8 42635.4 600.5 309.2 4459.8 8840.7 24269.8 57809.5 281406.8 
SAB16_A_16-17    303.1 145.6 51.6 40398.9 590.3 289.1 4289.4 9191.2 23305.8 55727.9 288008.2 
SAB16_A_18-19    340.8 158.9 45.5 36070.9 559.1 275.4 4261.5 9693.6 22244.0 54667.2 290042.0 
SAB16_A_20-21    351.4 152.0 45.1 35266.8 477.1 274.4 4178.3 9252.7 21832.2 53313.8 295837.1 
SAB16_A_22-23    350.7 155.9 44.5 35367.3 504.9 282.4 4090.2 9019.9 21494.6 51595.1 290606.8 
SAB16_A_24-25    331.7 158.0 46.3 37540.0 536.1 257.5 4293.3 9558.7 22414.6 53126.2 294657.6 
SAB16_A_26-27    308.9 154.8 45.0 37526.4 556.1 255.3 4253.9 9261.1 21856.3 51361.5 291871.8 
SAB16_A_28-29    333.8 154.9 43.7 35669.3 562.8 271.6 4300.2 9453.1 21853.2 52668.3 297022.0 
SAB16_A_30-31    308.9 152.5 44.3 36575.8 525.2 315.6 4137.4 9152.7 21897.1 52144.5 289936.1 
SAB16_A_32-33    376.7 161.2 39.7 31506.7 487.6 265.7 4001.3 9799.7 20221.0 47796.5 292245.4 
SAB16_A_34-35    375.4 160.0 39.8 32831.9 447.2 249.8 4306.3 9612.9 20576.5 50053.1 301330.7 
SAB16_A_36-37    394.7 164.0 39.5 32048.6 483.8 259.6 4118.1 9922.6 20440.0 48693.6 298852.2 
SAB16_A_38-39    300.9 147.2 46.6 38915.2 571.5 274.5 4303.3 9393.4 22140.2 52511.1 283440.8 
SAB16_A_40-41    290.6 144.4 51.6 44191.1 651.6 302.2 4219.8 9488.8 23050.7 54631.9 286016.6 
SAB16_A_42-43    294.0 147.8 52.4 43808.2 638.5 298.8 4368.8 9629.2 23836.2 55752.0 275123.6 
SAB16_A_44-45    273.7 143.1 55.5 48297.3 752.7 281.5 4019.0 8739.0 23438.6 52861.8 250524.3 
SAB16_A_46-47    238.3 134.2 59.3 51222.7 777.3 353.6 4214.5 8991.7 25840.0 57497.7 256445.5 
SAB16_A_48-49    248.3 140.4 59.8 50776.9 704.6 335.3 4298.4 9269.2 26763.8 58866.5 258169.2 
SAB16_A_50-52    223.0 139.4 61.6 54211.2 777.8 348.4 4315.8 8864.8 27652.3 62673.6 254944.0 
SAB16_A_52-53    261.2 140.6 61.7 53595.6 758.4 344.7 4271.1 8839.2 27389.3 62179.1 253530.2 
SAB16_A_54-55    234.4 140.6 60.2 54517.3 747.0 341.1 4090.9 8820.9 26544.4 56398.6 237489.6 
SAB16_A_56-57    153.8 127.2 51.1 87985.1 952.1 296.0 3451.4 11695.2 23042.7 50867.9 189444.0 
SAB16_A_58-59    184.6 135.1 56.0 65338.2 958.6 365.4 3698.1 12694.8 25589.6 52969.3 215632.5 
SAB16_A_60-61    172.4 147.0 47.4 78966.3 1132.9 316.6 3474.2 14594.0 22658.8 45994.0 188496.7 
SAB16_A_62-63    260.5 160.7 44.0 59325.6 1030.3 296.0 3894.4 14661.5 21891.3 48865.0 233370.6 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_A_64-65    152.9 143.2 46.3 76751.5 1388.0 314.9 3600.6 18613.2 22441.6 47876.3 196002.6 
SAB16_A_66-67    148.1 143.9 44.9 70217.2 1479.4 335.9 3487.9 18826.9 21404.1 46826.4 195703.9 
SAB16_A_68-69    188.0 147.6 44.6 66547.2 1433.7 319.3 3755.0 19122.2 22833.9 49619.9 212910.8 
SAB16_A_70-71    212.4 157.8 44.0 56306.6 1260.6 283.2 3450.1 19423.9 20282.8 41428.6 181460.3 
SAB16_A_72-73    173.1 151.4 39.2 57876.9 1516.8 294.7 3145.2 21164.8 19200.1 40953.1 179495.7 
SAB16_A_74-75    312.6 174.6 46.9 42576.2 978.6 281.6 3809.5 15136.8 22274.0 49829.9 237081.1 
SAB16_A_76-77    398.3 187.2 45.5 31363.6 515.3 257.1 4269.9 10862.1 23254.6 58072.0 295268.5 
SAB16_A_78-79    406.5 184.7 46.6 36019.5 480.5 271.3 4149.2 10234.5 24248.9 58717.0 281464.6 
SAB16_A_80-81    371.7 179.5 50.1 39516.1 621.3 306.7 4185.2 10531.8 24462.3 61254.5 281948.8 
SAB16_A_82-83    349.1 182.0 49.0 39704.5 537.2 304.6 4264.1 10450.8 25244.5 58665.0 270357.0 
SAB16_A_84-85    377.2 185.1 48.2 40109.5 564.6 345.2 4335.5 10452.7 24949.1 60854.2 277300.6 
SAB16_A_86-87    385.0 182.6 49.6 41328.6 576.2 336.9 4106.8 10517.4 25331.5 59056.0 273645.2 
SAB16_A_88-89    358.9 182.7 49.6 42544.0 618.8 289.5 4242.5 10224.4 25655.6 59071.6 270285.7 
SAB16_A_90-91    325.9 173.9 52.7 45488.5 583.3 328.0 4186.3 10346.6 26986.6 62520.5 271841.3 
SAB16_A_92-93    250.1 165.7 57.8 50193.7 649.7 338.2 4192.0 9683.2 27849.1 63927.1 260063.3 
SAB16_A_94-95    208.3 164.0 63.3 53091.5 684.0 369.7 4371.2 9897.9 29033.4 65707.8 260088.5 
SAB16_A_96-97    217.4 161.3 63.1 52059.8 717.5 389.2 4451.2 9643.7 29520.6 66770.1 261791.7 
SAB16_A_98-99    231.4 157.6 61.8 51023.1 636.4 366.4 4286.9 9386.8 28700.6 66647.4 260180.8 
SAB16_A_100-101  212.9 160.1 62.7 51882.5 666.6 359.0 4296.6 9748.4 29118.7 67169.8 261221.8 
SAB16_A_102-103  209.2 161.2 62.4 51804.9 667.8 347.0 4353.7 9729.3 29150.6 66834.7 265591.9 
SAB16_A_104-105  227.0 161.0 61.0 50440.1 730.6 368.9 4228.2 9834.6 28577.7 62741.6 253744.9 
SAB16_A_106-107  205.5 163.9 62.5 51866.0 672.3 330.6 4428.0 9509.8 29633.3 70326.8 269746.8 
SAB16_A_108-109  200.8 161.9 64.4 52616.5 650.2 366.7 4458.3 9909.0 30393.1 69236.4 266591.9 
SAB16_A_110-111  193.9 161.0 65.3 54225.6 754.9 350.1 4561.8 9767.3 30662.7 73350.3 274998.4 
SAB16_A_112-113  199.4 163.5 64.2 52716.8 699.0 367.8 4615.1 9593.8 30826.0 71670.7 273421.2 
SAB16_A_114-115  196.5 159.6 65.0 53603.8 750.1 376.7 4470.7 9763.5 30210.4 66336.6 257073.0 
SAB16_A_116-117  197.5 163.8 64.8 53496.1 725.7 362.4 4513.4 9785.2 31202.8 69501.7 263089.5 
SAB16_A_118-119  186.8 160.4 65.6 53393.5 735.1 391.5 4492.7 10180.7 30835.9 71366.1 267630.3 
SAB16_A_120-121  193.1 167.1 65.0 55013.6 707.3 416.2 4582.6 10083.7 30890.9 73746.8 271978.8 
SAB16_A_122-123  211.6 166.0 64.8 53086.6 702.6 349.6 4465.7 10157.6 30981.2 73038.3 274844.7 
SAB16_A_124-125  207.6 168.2 63.2 53208.5 730.4 355.7 4432.0 10246.3 30507.5 70490.8 265436.2 
SAB16_A_126-127  202.4 167.2 67.4 54832.0 717.0 395.4 4409.8 9887.0 30813.9 68204.4 255870.1 
 
Appendix Table I-6: SAB16-B data table part 1. Bulk Density (BD) expressed as g/cm3. Water 
Content (WC), carbon (C), and nitrogen (N) expressed as %. Grain size (GS) refers to mean grain 
size.   
Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_B_0-1      0.5 40.0 66.8 1.3 4.3 0.5 9.4   
SAB16_B_2-3      2.5 153.7 61.8 1.4 3.4 0.4 8.9   
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Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_B_4-5      4.5 267.3 58.5 1.4 2.7 0.3 8.3   
SAB16_B_6-7      6.5 380.9 58.0 1.4 3.9 0.4 10.3   
SAB16_B_8-9      8.5 494.6 56.4 1.4 2.5 0.3 8.8   
SAB16_B_10-11    10.5 608.2 53.3 1.5 2.2 0.2 10.9   
SAB16_B_12-13    12.5 721.8 49.6 1.5 2.9 0.3 10.8   
SAB16_B_14-15    14.5 833.5 46.7 1.5 2.1 0.2 10.0   
SAB16_B_16-17    16.5 1148.9 47.4 1.5 1.8 0.2 9.6   
SAB16_B_18-19    18.5 1466.4 51.1 1.5 2.7 0.3 10.7   
SAB16_B_20-21    20.5 1783.8 53.3 1.5 2.8 0.3 11.1   
SAB16_B_22-23    22.5 2101.3 52.1 1.5 2.0 0.2 11.0   
SAB16_B_24-25    24.5 2418.8 49.8 1.5 2.4 0.2 11.4   
SAB16_B_26-27    26.5 2736.2 48.5 1.5 1.5 0.2 9.3   
SAB16_B_28-29    28.5 3053.7 47.9 1.5 2.0 0.2 9.8   
SAB16_B_30-31    30.5 3371.1 46.6 1.5 1.8 0.2 9.9   
SAB16_B_32-33    32.5 3688.6 46.6 1.5 1.9 0.2 9.8   
SAB16_B_34-35    34.5 4006.1 47.1 1.5 1.9 0.2 9.9   
SAB16_B_36-37    36.5 4323.5 47.6 1.5 2.0 0.2 9.7   
SAB16_B_38-39    38.5 4641.0 46.3 1.6 2.0 0.2 9.7   
SAB16_B_40-41    40.5 4958.4 43.3 1.6 1.7 0.2 9.6   
SAB16_B_42-43    42.5 5275.9 42.0 1.6 1.7 0.2 9.8   
SAB16_B_44-45    44.5 5593.4 41.1 1.6 1.7 0.2 9.4   
SAB16_B_46-47    46.5 5910.8 40.2 1.6 1.8 0.2 9.8   
SAB16_B_48-49    48.5 6228.3 46.4 1.6 2.3 0.2 9.8   
SAB16_B_50-51    50.5 6545.7 51.6 1.5 2.7 0.3 9.6   
SAB16_B_52-53    52.5 6863.2 53.2 1.5 2.8 0.3 9.7   
SAB16_B_54-55    54.5 7180.7 56.3 1.4 2.9 0.3 9.1   
SAB16_B_56-57    56.5 7524.6 56.0 1.4 3.3 0.3 10.1   
SAB16_B_58-59    58.5 7709.8 55.2 1.4 2.6 0.3 9.0   
SAB16_B_60-61    60.5 7868.6 53.7 1.5 2.7 0.3 9.6   
SAB16_B_62-63    62.5 8027.3 52.0 1.5 2.4 0.3 9.6   
SAB16_B_64-65    64.5 8186.0 55.0 1.4 2.8 0.3 9.6   
SAB16_B_66-67    66.5 8344.8 66.8 1.3 8.4 0.7 11.9   
SAB16_B_68-69    68.5 8503.5 73.6 1.2 8.8 0.8 11.2   
SAB16_B_70-71    70.5 8651.3 68.6 1.3 8.2 0.7 11.0   
SAB16_B_72-73    72.5 8715.8 74.8 1.2 10.9 1.0 10.8   
SAB16_B_74-75    74.5 8791.3 75.7 1.2 12.1 1.0 11.6   
SAB16_B_76-77    76.5 8866.8 76.4 1.2 12.5 1.1 11.5   
SAB16_B_78-79    78.5 8942.3 78.4 1.2 15.0 1.2 12.2   
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Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_B_80-81    80.5 9017.7 77.1 1.2 11.7 1.0 11.4   
SAB16_B_82-83    82.5 9093.2 80.8 1.2 13.0 1.2 11.0   
SAB16_B_84-85    84.5 9168.7 82.1 1.2 19.9 1.6 12.3   
SAB16_B_86-87    86.5 9244.2 81.1 1.2 15.1 1.4 10.8   
SAB16_B_88-89    88.5 9319.6 81.3 1.2 18.8 1.8 10.5   
SAB16_B_90-91    90.5 9393.6 84.2 1.2 23.1 2.2 10.3   
SAB16_B_92-93    92.5 9401.4 83.7 1.2 17.1 1.8 9.8   
SAB16_B_94-95    94.5 9410.8 83.2 1.2 21.2 2.0 10.7   
SAB16_B_96-97    96.5 9420.2 83.4 1.2 20.6 1.9 10.7   
SAB16_B_98-99    98.5 9429.6 81.9 1.2 15.6 1.5 10.4   
SAB16_B_100-101  100.5 9439.0 83.3 1.2 21.4 1.9 11.3   
SAB16_B_102-103  102.5 9448.4 82.8 1.2 20.5 1.9 11.0   
SAB16_B_104-105  104.5 9457.7 83.2 1.2 19.5 1.8 10.9   
SAB16_B_106-107  106.5 9467.1 82.6 1.2 19.3 1.8 10.6   
SAB16_B_108-109  108.5 9476.5 82.0 1.2 16.8 1.6 10.3   
SAB16_B_110-111  110.5 9485.9 80.3 1.2 19.1 1.7 11.3   
SAB16_B_112-113  112.5 9495.3 80.5 1.2 21.1 1.8 11.7   
SAB16_B_114-115  114.5 9504.7 80.2 1.2 20.2 1.8 11.1   
SAB16_B_116-117  116.5 9514.1 80.2 1.2 19.6 1.7 11.6   
SAB16_B_118-119  118.5 9523.5 80.2 1.2 24.1 2.0 11.9   
SAB16_B_120-121  120.5 9532.9 78.8 1.2 17.2 1.5 11.7   
SAB16_B_122-123  122.5 9542.3 76.5 1.2 19.2 1.6 12.0   
SAB16_B_124-125  124.5 9551.6 64.4 1.3 14.3 1.2 12.1   
SAB16_B_126-127  126.5 9561.0 75.3 1.2 15.6 1.3 12.0   
SAB16_B_128-129  128.5 9570.4 71.6 1.3 15.2 1.3 11.6   
SAB16_B_130-131  130.5 9579.8 41.2 1.6 3.4 0.3 10.9 5.7 
SAB16_B_132-133  132.5 9589.2 22.8 2.0 0.7 0.1 8.1 8.2 
SAB16_B_134-135  134.5 9598.6 21.5 2.0 0.6 0.1 7.2 7.7 
SAB16_B_136-137  136.5 9608.0 19.8 2.0 0.4 0.1 5.2 16.2 
SAB16_B_138-139  138.5 9617.4 21.3 2.0 0.4 0.1 5.1 9.9 
SAB16_B_140-141  140.5 9626.8 20.6 2.0 0.4 0.1 3.0 8.1 
SAB16_B_142-143  142.5 9636.2 16.2 2.1 0.3 0.1 4.4 26.0 
SAB16_B_144-145  144.5 9645.5 17.6 2.1 0.1 0.0 2.2 26.5 
SAB16_B_146-147  146.5 9654.9 23.3 2.0 0.1 0.1 1.4 5.1 
SAB16_B_148-149  148.5 9664.3 23.5 2.0 0.1 0.1 0.8 3.8 
SAB16_B_150-151  150.5 9673.7 22.8 2.0 0.1 0.1 1.6 7.3 
SAB16_B_152-153  152.5 9683.1 21.2 2.0 0.1 0.1 2.1 10.6 
SAB16_B_154-155  154.5 9692.5 22.2 2.0 0.1 0.1 1.3 7.9 
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Sample ID cm Age yrBP WC BD C N C/N 
Mean 
GS(μm) 
SAB16_B_156-157  156.5 9701.9 21.7 2.0 0.1 0.1 1.1 5.5 
SAB16_B_158-159  158.5 9711.3 22.3 2.0 0.1 0.1 1.0 6.3 
SAB16_B_160-161  160.5 9720.7 21.8 2.0 0.1 0.1 1.4 3.7 
SAB16_B_162-163  162.5 9730.0 21.3 2.0 0.1 0.1 1.0 7.3 
SAB16_B_164-165  164.5 9739.4 21.1 2.0 0.1 0.1 1.8 4.4 
SAB16_B_166-167  166.5 9748.8 21.4 2.0 0.1 0.1 1.5 4.8 
SAB16_B_168-169  168.5 9758.2 21.5 2.0 0.1 0.1 1.4 3.2 
SAB16_B_170-171  170.5 9767.6 21.0 2.0 0.1 0.1 1.9 4.5 
SAB16_B_172-173  172.5 9777.0 19.6 2.0 0.1 0.1 1.4 5.2 
SAB16_B_174-175  174.5 9786.4 19.4 2.0 0.1 0.1 1.8 9.5 
SAB16_B_176-177  176.5 9795.8 19.4 2.0 0.1 0.1 1.7 7.3 
 
Appendix Table I-7: SAB16-B data table part 2 – XRF data. Elemental concentrations are expressed 
in ppm. 
 
Sample_ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_B_0-1      212.1 135.5 62.6 49344.4 731.3 357.7 4626.2 9303.5 27369.4 65118.9 296299.1 
SAB16_B_2-3      223.0 132.3 59.7 46366.2 664.6 363.4 4400.9 8518.6 25548.6 60546.0 278753.4 
SAB16_B_4-5      224.9 128.7 56.4 43917.0 655.0 312.3 4322.1 8038.1 24639.8 57975.5 276400.2 
SAB16_B_6-7      229.7 132.1 57.4 45047.6 651.3 326.1 4238.1 8457.0 24371.6 58613.6 273110.9 
SAB16_B_8-9      245.3 134.6 55.2 44304.7 627.7 327.1 4220.6 8063.0 24475.9 61104.9 276668.7 
SAB16_B_10-11    288.3 143.3 52.7 40103.4 583.9 315.9 4188.8 8858.3 23577.7 57754.2 288458.3 
SAB16_B_12-13    337.4 150.1 50.2 38193.1 548.5 296.3 4276.4 9289.7 22034.1 54450.8 281935.9 
SAB16_B_14-15    336.8 153.0 48.3 36675.4 514.1 299.8 4191.2 9313.3 22165.6 54026.1 282656.1 
SAB16_B_16-17    332.7 152.0 45.2 34992.6 512.3 302.4 4177.3 8479.6 22260.8 54125.7 295974.0 
SAB16_B_18-19    298.3 136.3 44.1 35838.1 507.9 263.6 4065.3 8675.2 21459.4 51169.1 294450.0 
SAB16_B_20-21    281.1 139.9 49.2 40472.5 541.4 275.0 4302.2 8833.9 22801.9 55530.4 291603.8 
SAB16_B_22-23    270.4 139.9 49.6 40750.4 577.2 308.5 4220.2 8536.4 22434.9 55768.9 297578.2 
SAB16_B_24-25    279.3 146.0 46.4 38678.2 521.7 303.9 4346.0 9111.8 22452.4 53981.2 296839.0 
SAB16_B_26-27    284.8 143.7 46.4 37508.0 537.6 300.5 4297.8 8846.4 22108.7 54870.1 300211.3 
SAB16_B_28-29    295.6 146.5 46.9 38453.5 567.0 308.2 4491.2 9032.9 22201.7 53917.9 296662.3 
SAB16_B_30-31    298.3 144.2 47.1 39249.1 596.5 277.0 4391.6 8686.8 22592.5 54679.7 289525.2 
SAB16_B_32-33    285.6 144.7 49.5 39901.4 534.9 291.3 4453.4 8500.1 22432.3 57545.9 303033.3 
SAB16_B_34-35    310.1 147.0 46.9 37844.0 558.3 255.6 4500.8 9120.1 22069.7 54485.7 296561.3 
SAB16_B_36-37    304.9 147.1 48.0 39022.6 622.9 285.4 4340.0 9002.3 22695.0 52000.2 282939.8 
SAB16_B_38-39    320.4 152.2 46.6 37872.5 564.5 285.6 4415.3 9345.0 22754.3 55435.1 300582.8 
SAB16_B_40-41    371.6 159.1 40.7 32145.0 486.0 255.5 4247.7 9470.7 20813.9 50306.2 304349.5 
SAB16_B_42-43    355.7 159.3 40.6 32228.3 495.3 250.4 4259.0 9840.1 20877.3 51454.5 307094.2 
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SAB16_B_44-45    310.4 157.3 41.6 33702.6 481.3 270.1 4110.4 9349.7 20757.8 46819.8 285311.9 
SAB16_B_46-47    345.8 150.2 40.2 33253.4 492.2 243.0 3954.3 8889.7 19859.0 44838.3 278781.6 
SAB16_B_48-49    321.7 157.0 42.6 38167.5 574.9 262.5 4132.2 8519.1 21481.6 52657.5 283577.4 
SAB16_B_50-51    311.4 141.2 50.8 43131.7 599.8 294.9 4168.1 8768.1 23187.4 56945.9 291196.4 
SAB16_B_52-53    257.8 134.7 53.2 46841.6 669.6 297.5 4157.8 8384.7 23674.4 54589.0 265605.9 
SAB16_B_54-55    217.7 136.3 61.0 52296.9 706.8 340.0 4410.7 8730.2 27067.3 63522.9 263262.3 
SAB16_B_56-57    200.7 133.5 63.3 53680.1 772.7 384.3 4440.5 8587.5 27754.5 65724.9 256086.2 
SAB16_B_58-59    201.5 132.9 64.8 53314.8 720.8 328.0 4438.6 8551.8 28449.4 67122.9 262968.2 
SAB16_B_60-61    222.5 134.2 63.0 52653.4 677.4 333.1 4315.2 8388.2 27999.4 65084.2 251546.3 
SAB16_B_62-63    228.2 138.4 60.5 51402.8 711.2 353.9 4324.1 8843.7 27174.4 63979.9 259667.2 
SAB16_B_64-65    213.2 130.2 60.4 54695.7 698.0 310.6 4126.3 8473.0 26616.0 60613.2 245952.7 
SAB16_B_66-67    150.8 121.4 59.9 76534.6 875.6 322.5 3713.9 9167.7 26096.2 57675.7 206831.6 
SAB16_B_68-69    134.7 118.1 59.5 83017.3 853.9 365.7 3592.8 9210.4 25600.9 54872.7 198296.9 
SAB16_B_70-71    130.7 120.4 62.6 81723.9 804.4 328.7 3579.2 9066.4 25597.2 55989.9 202420.2 
SAB16_B_72-73    106.2 116.1 61.0 81254.1 959.6 347.5 3764.8 9952.8 27010.6 59336.3 210035.3 
SAB16_B_74-75    103.0 111.6 60.4 85206.3 900.0 351.3 3734.5 9683.0 25978.0 56645.5 198505.1 
SAB16_B_76-77    104.0 112.4 61.7 84575.4 967.5 368.6 3711.7 9476.5 27548.3 59390.2 212173.2 
SAB16_B_78-79    106.4 114.8 57.8 88157.7 1057.4 383.6 3602.1 11098.1 26316.0 53272.1 188204.1 
SAB16_B_80-81    101.3 114.8 58.4 88753.2 1013.5 361.3 3726.7 10896.5 27056.3 57558.9 198768.2 
SAB16_B_82-83    91.9 116.7 59.5 81691.9 991.8 350.5 3644.0 11640.0 26953.5 54700.2 193016.7 
SAB16_B_84-85    84.4 118.2 54.6 85474.2 1252.8 379.3 3423.3 14730.6 25560.4 46048.5 170393.0 
SAB16_B_86-87    89.3 121.8 57.4 86116.7 1020.8 351.7 3747.4 12391.4 27248.4 54082.1 194452.0 
SAB16_B_88-89    81.7 122.7 53.6 78699.1 1211.0 320.4 3514.3 14991.1 25583.2 50050.6 187316.8 
SAB16_B_90-91    90.2 130.6 52.3 89005.4 1384.4 347.9 3506.9 16784.0 25226.2 48463.0 175677.3 
SAB16_B_92-93    80.7 125.7 51.5 86028.2 1177.8 376.0 3417.1 15018.0 24801.9 50022.8 183205.2 
SAB16_B_94-95    78.6 125.3 52.2 81455.2 1086.2 272.9 3557.7 14021.2 25449.5 50586.3 200904.8 
SAB16_B_96-97    71.9 125.3 50.4 80124.8 1216.7 358.5 3262.6 15957.2 23985.9 48648.6 199035.4 
SAB16_B_98-99    79.7 129.2 59.0 76812.7 1135.9 351.0 3864.6 13220.6 27621.1 53386.3 211654.8 
SAB16_B_100-101  79.7 127.5 51.4 81745.2 1319.2 349.6 3544.4 16270.7 25465.7 45907.8 201640.9 
SAB16_B_102-103  80.7 143.7 53.4 80970.7 1475.6 398.7 4109.2 18005.4 28497.8 56936.2 221499.4 
SAB16_B_104-105  79.5 151.1 52.5 80375.2 1565.0 414.2 3979.1 21938.9 27467.4 53631.4 215852.9 
SAB16_B_106-107  85.4 154.6 57.5 84492.7 1546.1 339.0 4176.7 20148.6 28556.4 56506.2 231069.5 
SAB16_B_108-109  75.3 140.9 52.9 74359.1 1286.6 340.1 3699.2 16293.9 26023.1 50927.3 208625.4 
SAB16_B_110-111  89.8 154.4 52.5 74050.4 1396.9 352.7 3738.9 19086.7 25628.7 50894.1 211171.4 
SAB16_B_112-113  82.3 152.3 48.9 67218.8 1365.2 337.9 3574.8 18563.6 24166.5 50110.3 219535.5 
SAB16_B_114-115  88.3 150.3 49.9 66736.2 1345.9 308.8 3664.6 18971.7 24701.3 48172.7 225224.1 
SAB16_B_116-117  82.3 149.9 47.8 65764.8 1352.4 299.8 3456.3 18669.6 23660.3 45945.5 228852.1 
SAB16_B_118-119  85.1 148.1 48.3 63077.8 1310.9 325.1 3515.0 17948.0 23964.1 46407.0 235780.9 
SAB16_B_120-121  91.0 162.2 49.7 64476.3 1505.4 329.7 3632.4 20527.5 23889.3 48725.7 238204.4 
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SAB16_B_122-123  107.9 166.0 51.6 59019.3 1296.4 330.1 3884.7 18055.5 25077.4 50188.3 243717.1 
SAB16_B_124-125  160.7 170.6 53.2 51033.5 1063.7 317.9 3894.3 16352.5 24582.7 51912.0 242626.7 
SAB16_B_126-127  129.4 167.4 52.8 53124.0 1250.2 320.7 3733.7 17760.9 23830.8 48848.2 235788.3 
SAB16_B_128-129  136.9 174.1 55.5 52224.5 1157.8 348.3 3890.9 17394.4 24195.1 49821.7 223179.2 
SAB16_B_130-131  286.2 187.9 57.2 41051.5 626.1 317.0 4348.4 12213.5 25364.0 60346.9 273576.8 
SAB16_B_132-133  351.3 183.0 48.9 36811.3 539.2 304.2 4221.8 10694.2 25297.4 64303.4 286579.7 
SAB16_B_134-135  357.7 185.5 47.3 35475.9 476.4 289.5 4206.2 10827.3 24112.5 60478.9 280951.8 
SAB16_B_136-137  347.4 178.4 48.4 39036.4 519.8 302.6 4128.5 10134.0 26408.5 65004.9 284463.9 
SAB16_B_138-139  303.4 176.2 52.0 41210.2 536.2 338.2 4098.5 9391.6 26254.3 63758.2 281688.8 
SAB16_B_140-141  210.2 106.3 67.2 40362.0 369.0 378.1 3746.7 5002.4 28876.1 69065.8 300100.8 
SAB16_B_142-143  342.0 179.6 49.7 36954.0 494.8 327.2 4048.1 9760.4 26119.4 65547.2 293203.0 
SAB16_B_144-145  422.8 192.3 44.9 34616.5 464.2 282.0 4049.4 10993.5 24520.6 59835.8 291197.9 
SAB16_B_146-147  204.8 166.2 61.4 54162.5 681.5 360.8 4390.4 9881.5 29428.5 73279.0 275683.4 
SAB16_B_148-149  201.5 165.7 64.4 54999.8 683.4 371.1 4680.1 9758.1 29918.3 71834.7 268279.3 
SAB16_B_150-151  195.0 166.6 62.6 54050.3 681.6 363.7 4567.9 10057.4 29917.7 73564.8 279788.8 
SAB16_B_152-153  304.7 175.5 59.2 48534.5 639.9 372.9 4478.4 10352.9 28563.6 70160.8 278210.6 
SAB16_B_154-155  219.7 171.1 62.9 51776.7 701.8 392.7 4415.9 10144.9 29636.5 71098.8 273155.2 
SAB16_B_156-157  202.9 165.1 65.4 53464.1 758.9 351.6 4703.5 9972.3 30830.0 75016.1 275990.5 
SAB16_B_158-159  192.6 164.1 68.0 55577.3 693.4 380.0 4534.1 10022.7 31033.8 73005.7 267943.5 
SAB16_B_160-161  195.5 166.8 65.4 54590.9 804.1 368.4 4539.9 9970.4 31062.1 74279.1 273662.9 
SAB16_B_162-163  193.2 171.3 66.4 54934.7 736.2 362.5 4573.1 10129.5 31116.9 74658.8 271670.9 
SAB16_B_164-165  194.4 168.6 65.9 54750.5 758.0 390.1 4493.0 10151.3 31158.9 73925.0 269899.0 
SAB16_B_166-167  192.8 170.7 67.4 55579.2 670.3 383.0 4543.2 10191.6 31122.9 74781.4 272178.4 
SAB16_B_168-169  188.3 170.1 67.8 55998.9 730.8 403.0 4432.6 10152.6 30937.7 71842.4 265301.1 
SAB16_B_170-171  202.7 169.2 65.7 55594.9 733.5 365.7 4647.3 10244.9 31089.8 73762.2 269349.6 
SAB16_B_172-173  210.4 177.1 63.4 52950.3 744.5 378.3 4452.9 10750.2 30131.0 70374.3 272965.5 
SAB16_B_174-175  211.0 170.0 65.7 53702.4 736.7 403.8 4585.6 9844.7 31426.4 75644.9 277779.8 
SAB16_B_176-177  211.7 166.7 65.4 53871.4 740.6 407.9 4472.4 10360.7 31372.2 75715.5 276740.5 
 
Appendix Table I-8: SAB16-C data table part 1. Bulk Density (BD) expressed as g/cm3. Water 
Content (WC), carbon (C), and nitrogen (N) expressed as %. Grain size (GS) refers to mean grain 
size.   





SAB16_C_0-1      0.5 10.0 76.2 1.2 0.7 5.3 7.4     
SAB16_C_2-3      2.5 25.0 72.6 1.3 0.6 4.6 8.0     
SAB16_C_4-5      4.5 40.0 64.5 1.3 0.4 3.4 8.2     
SAB16_C_6-7      6.5 172.4 53.5 1.5 0.3 2.7 8.6     
SAB16_C_8-9      8.5 304.9 46.7 1.5 0.2 2.0 8.4     
SAB16_C_10-11    10.5 437.3 42.0 1.6 0.2 1.5 8.1     
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SAB16_C_12-13    12.5 569.8 40.4 1.6 0.2 1.4 7.7     
SAB16_C_14-15    14.5 702.2 41.5 1.6 0.2 1.7 9.0     
SAB16_C_16-17    16.5 833.1 40.5 1.6 0.2 1.5 7.8     
SAB16_C_18-19    18.5 1011.6 34.5 1.7 0.1 1.0 7.0     
SAB16_C_20-21    20.5 1191.8 35.9 1.7 0.1 1.2 7.8     
SAB16_C_22-23    22.5 1372.0 44.2 1.6 0.2 1.7 7.8     
SAB16_C_24-25    24.5 1552.2 38.5 1.7 0.2 1.3 8.3     
SAB16_C_26-27    26.5 1732.4 46.2 1.6 0.2 2.0 8.9     
SAB16_C_28-29    28.5 1912.5 49.5 1.5 0.2 2.2 9.2     
SAB16_C_30-31    30.5 2092.7 49.6 1.5 0.2 2.1 9.0     
SAB16_C_32-33    32.5 2272.9 49.0 1.5 0.2 2.1 9.0     
SAB16_C_34-35    34.5 2453.1 48.5 1.5 0.2 2.0 8.8     
SAB16_C_36-37    36.5 2633.3 47.1 1.5 0.1 1.0 8.7     
SAB16_C_38-39    38.5 2813.5 46.2 1.6 0.2 1.8 8.6     
SAB16_C_40-41    40.5 2993.6 45.7 1.6 0.2 1.9 8.7     
SAB16_C_42-43    42.5 3173.8 43.5 1.6 0.2 1.6 8.8     
SAB16_C_44-45    44.5 3354.0 45.0 1.6 0.2 1.7 8.6     
SAB16_C_46-47    46.5 3534.2 45.1 1.6 0.2 1.7 8.5     
SAB16_C_48-49    48.5 3714.4 44.5 1.6 0.2 1.6 8.4     
SAB16_C_50-51    50.5 3894.5 43.5 1.6 0.2 1.5 8.5     
SAB16_C_52-53    52.5 4074.7 46.6 1.5 0.2 1.9 9.6     
SAB16_C_54-55    54.5 4254.9 42.4 1.6 0.2 1.7 8.0     
SAB16_C_56-57    56.5 4435.1 39.2 1.7 0.2 1.2 7.7     
SAB16_C_58-59    58.5 4615.3 41.1 1.6 0.2 1.1 6.5 -26.06   
SAB16_C_60-61    60.5 4795.4 41.9 1.6 0.2 1.1 6.0     
SAB16_C_62-63    62.5 4975.6 40.1 1.6 0.2 1.2 7.2 -25.90   
SAB16_C_64-65    64.5 5155.8 38.8 1.7 0.2 1.3 7.8     
SAB16_C_66-67    66.5 5336.0 39.7 1.7 0.2 1.2 7.4 -25.80   
SAB16_C_68-69    68.5 5516.2 40.5 1.6 0.2 1.3 7.7     
SAB16_C_70-71    70.5 5696.3 41.8 1.6 0.2 1.4 8.2 -25.99   
SAB16_C_72-73    72.5 5876.5 41.1 1.6 0.2 1.2 6.9     
SAB16_C_74-75    74.5 6056.7 40.6 1.6 0.2 1.3 7.5 -26.01   
SAB16_C_76-77    76.5 6236.9 40.4 1.6 0.2 1.4 8.2     
SAB16_C_78-79    78.5 6417.1 44.9 1.6 0.2 2.0 9.1 -25.91   
SAB16_C_80-81    80.5 6597.2 47.1 1.5 0.2 2.2 9.3     
SAB16_C_82-83    82.5 6777.4 47.6 1.5 0.2 2.2 9.2 -25.91   
SAB16_C_84-85    84.5 6957.6 49.7 1.5 0.3 2.5 9.8     
SAB16_C_86-87    86.5 7137.8 49.2 1.5 0.3 2.6 9.9 -26.12   
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SAB16_C_88-89    88.5 7318.0 47.7 1.5 0.2 2.5 10.2     
SAB16_C_90-91    90.5 7515.6 45.0 1.6 0.2 2.5 10.3 -26.06   
SAB16_C_92-93    92.5 7581.2 43.9 1.6 0.2 2.4 10.7     
SAB16_C_94-95    94.5 7629.4 47.7 1.5 0.3 2.7 10.1 -26.01   
SAB16_C_96-97    96.5 7677.6 49.8 1.5 0.3 3.3 10.3     
SAB16_C_98-99    98.5 7725.8 55.7 1.4 0.4 4.2 9.9 -25.59   
SAB16_C_100-101  100.5 7774.0 57.0 1.4 0.5 4.7 10.5     
SAB16_C_102-103  102.5 7822.2 56.4 1.4 0.5 5.0 10.7 -25.24   
SAB16_C_104-105  104.5 7870.4 56.0 1.4 0.5 4.8 10.6     
SAB16_C_106-107  106.5 7918.6 55.4 1.4 0.4 4.5 10.4 -25.48   
SAB16_C_108-109  108.5 7966.7 54.4 1.4 0.4 4.5 10.5     
SAB16_C_110-111  110.5 8014.9 53.9 1.5 0.4 4.3 10.1 -25.58   
SAB16_C_112-113  112.5 8063.1 52.8 1.5 0.4 4.3 10.3     
SAB16_C_114-115  114.5 8111.3 55.0 1.4 0.4 4.3 10.2 -25.73   
SAB16_C_116-117  116.5 8159.5 55.9 1.4 0.5 4.8 10.6     
SAB16_C_118-119  118.5 8207.7 57.0 1.4 0.5 5.3 10.7 -24.81   
SAB16_C_120-121  120.5 8255.9 57.2 1.4 0.5 5.5 11.0     
SAB16_C_122-123  122.5 8304.1 60.6 1.4 0.6 6.2 10.8 -24.16   
SAB16_C_124-125  124.5 8352.3 61.4 1.4 0.6 6.6 10.8     
SAB16_C_126-127  126.5 8400.5 62.0 1.4 0.6 6.2 10.2 -24.57   
SAB16_C_128-129  128.5 8448.7 62.1 1.4 0.7 5.9 8.9     
SAB16_C_130-131  130.5 8496.9 64.1 1.3 0.7 6.5 9.4 -24.87   
SAB16_C_132-133  132.5 8545.1 66.0 1.3 0.8 8.6 10.7     
SAB16_C_134-135  134.5 8593.3 70.0 1.3 0.8 9.3 11.5 -24.84   
SAB16_C_136-137  136.5 8635.7 72.2 1.3 1.0 10.1 10.5     
SAB16_C_138-139  138.5 8699.7 69.2 1.3 1.2 10.3 8.9 -24.76   
SAB16_C_140-141  140.5 8769.3 68.2 1.3 1.1 11.3 9.9     
SAB16_C_142-143  142.5 8839.0 71.2 1.3 0.8 8.1 9.7 -24.93   
SAB16_C_144-145  144.5 8908.7 76.5 1.2 1.1 10.1 9.2     
SAB16_C_146-147  146.5 8978.4 76.1 1.2 1.4 14.6 10.3 -25.00   
SAB16_C_148-149  148.5 9048.1 75.0 1.2 1.6 14.9 9.4     
SAB16_C_150-151  150.5 9117.8 75.5 1.2 1.4 13.4 9.5 -24.54   
SAB16_C_152-153  152.5 9187.5 75.9 1.2 1.8 17.5 9.8     
SAB16_C_154-155  154.5 9257.1 75.7 1.2 1.6 16.3 10.5 -25.46   
SAB16_C_156-157  156.5 9326.8 76.0 1.2 1.5 14.0 9.1     
SAB16_C_158-159  158.5 9396.5 77.6 1.2 1.5 16.1 11.0 -26.62   
SAB16_C_160-161  160.5 9471.5 77.7 1.2 1.7 19.9 11.5     
SAB16_C_162-163  162.5 9476.8 76.7 1.2 1.7 17.6 10.3 -26.87   
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SAB16_C_164-165  164.5 9490.7 74.1 1.2 1.4 15.0 10.4     
SAB16_C_166-167  166.5 9504.5 73.9 1.2 1.4 15.1 10.7 -27.04   
SAB16_C_168-169  168.5 9518.3 73.4 1.3 1.5 15.4 10.4     
SAB16_C_170-171  170.5 9532.1 72.9 1.3 1.4 15.6 11.1 -27.21   
SAB16_C_172-173  172.5 9546.0 73.8 1.2 1.4 15.1 10.6     
SAB16_C_174-175  174.5 9559.8 74.1 1.2 1.5 17.2 11.7 -27.56   
SAB16_C_176-177  176.5 9573.6 74.1 1.2 1.5 17.5 11.9     
SAB16_C_178-179  178.5 9587.4 74.3 1.2 1.5 19.8 13.6 -28.29   
SAB16_C_180-181  180.5 9601.2 74.1 1.2 1.6 21.3 13.7     
SAB16_C_182-183  182.5 9615.1 46.4 1.6 1.4 19.4 13.8 -28.39   
SAB16_C_184-185  184.5 9628.9 21.3 2.0 0.7 7.8 11.4   16.3 
SAB16_C_186-187  186.5 9642.7 22.8 2.0 0.1 0.3 3.9   15.8 
SAB16_C_188-189  188.5 9656.5 22.5 2.0 0.1 0.2 2.9   16.9 
SAB16_C_190-191  190.5 9670.4 20.6 2.0 0.1 0.2 2.9   12.4 
SAB16_C_192-193  192.5 9684.2 18.3 2.1 0.1 0.0 0.6   12.0 
SAB16_C_194-195  194.5 9698.0 24.3 1.9 0.1 0.1 1.6   23.9 
SAB16_C_196-197  196.5 9711.8 20.2 2.0 0.1 0.2 2.5   32.0 
SAB16_C_198-199  198.5 9725.6 20.6 2.0 0.1 0.1 1.3   20.5 
SAB16_C_200-201  200.5 9739.5 21.8 2.0 0.1 0.1 1.6   10.3 
SAB16_C_202-203  202.5 9753.3 23.0 2.0 0.1 0.2 2.1   16.3 
SAB16_C_204-205  204.5 9767.1 23.1 2.0 0.1 0.1 2.1   5.3 
SAB16_C_206-207  206.5 9780.9 23.5 2.0 0.1 0.1 1.7   7.4 
SAB16_C_208-209  208.5 9794.7 23.2 2.0 0.1 0.2 2.7   4.9 
SAB16_C_210-211  210.5 9808.6 23.6 1.9 0.1 0.1 1.3   3.9 
SAB16_C_212-213  212.5 9822.4 23.7 1.9 0.1 0.2 2.9   3.7 
SAB16_C_214-215  214.5 9836.2 24.4 1.9 0.1 0.2 2.7   4.4 
SAB16_C_216-217  216.5 9850.0 24.5 1.9 0.1 0.2 2.6   5.7 
SAB16_C_218-219  218.5 9863.9 23.7 1.9 0.1 0.1 1.5   7.4 
SAB16_C_220-221  220.5 9877.7 23.6 1.9 0.1 0.1 1.3   4.6 
SAB16_C_222-223  222.5 9891.5 22.3 2.0 0.1 0.1 1.6   5.5 
SAB16_C_224-225  224.5 9905.3 22.7 2.0 0.1 0.2 2.5   4.7 
SAB16_C_226-227  226.5 9919.1 22.9 2.0 0.1 0.2 2.6   4.6 
SAB16_C_228-229  228.5 9933.0 22.4 2.0 0.1 0.1 1.1   4.1 
SAB16_C_230-231  230.5 9946.8 21.8 2.0 0.1 0.1 1.1   5.9 
SAB16_C_232-233  232.5 9960.6 36.4 1.7 0.1 0.1 1.5   4.2 
SAB16_C_234-235  234.5 9974.4 22.5 2.0 0.1 0.1 1.4   5.0 
SAB16_C_236-237  236.5 9988.3 23.0 2.0 0.1 0.1 2.1   6.3 
SAB16_C_238-239  238.5 10002.1 21.5 2.0 0.1 0.1 1.7   4.2 
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SAB16_C_240-241  240.5 10015.9 20.4 2.0 0.1 0.1 1.5   9.8 
 
Appendix Table I-9: SAB16-C data table part 2 – XRF data. Elemental concentrations are expressed 
in ppm. 
 
Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_C_0-1      189.1 130.6 69.1 58093.0 1258.4 378.1 4578.4 9473.3 28217.8 57703.3 274661.6 
SAB16_C_2-3      237.6 137.8 62.5 50341.9 1046.9 361.7 4526.1 8591.2 26905.8 59525.0 276871.0 
SAB16_C_4-5      278.9 153.9 61.2 48823.3 826.2 368.5 4800.7 9303.9 26810.0 61722.2 290037.5 
SAB16_C_6-7      320.1 154.3 51.8 41170.5 723.7 356.0 4160.1 9102.8 24203.0 56759.8 273985.1 
SAB16_C_8-9      359.9 165.8 45.4 36042.8 640.5 285.9 4018.4 9054.7 21959.0 52264.2 276984.9 
SAB16_C_10-11    400.4 176.9 40.7 31579.6 510.8 251.0 4013.4 9923.1 20960.9 51745.2 291556.1 
SAB16_C_12-13    421.0 176.6 37.2 29306.2 443.2 239.6 3430.6 9705.5 20056.0 47822.9 283404.1 
SAB16_C_14-15    379.1 164.3 40.0 33428.0 550.0 264.6 3915.8 9269.9 20864.7 47374.0 277473.9 
SAB16_C_16-17    347.7 167.9 41.8 35955.8 556.6 281.6 4061.7 9539.4 21829.2 52782.9 284645.4 
SAB16_C_18-19    427.2 181.2 35.4 30339.9 491.5 245.0 4050.5 10006.8 20464.6 48169.9 289363.1 
SAB16_C_20-21    467.3 181.9 35.5 31023.6 513.6 236.5 4160.2 10013.6 19996.2 48771.2 290784.0 
SAB16_C_22-23    455.0 176.4 43.2 36772.6 586.8 264.8 3953.1 10081.6 22181.7 52213.3 276518.7 
SAB16_C_24-25    542.6 208.0 37.0 32336.9 606.5 266.9 4001.7 11513.4 21782.6 50391.9 281504.3 
SAB16_C_26-27    322.4 166.2 50.3 43750.5 650.7 301.7 3954.9 9572.4 24319.6 52821.3 256151.5 
SAB16_C_28-29    289.9 161.4 51.2 43798.2 654.0 325.9 3898.7 9266.0 25447.4 59694.8 267194.2 
SAB16_C_30-31    288.7 160.6 51.2 42714.2 686.4 293.9 3889.7 9256.2 25044.8 57470.5 265417.5 
SAB16_C_32-33    293.1 158.6 50.9 43379.2 695.2 307.5 3808.7 9384.5 25417.3 58718.2 262712.5 
SAB16_C_34-35    310.1 157.6 51.6 42926.8 639.0 295.9 3839.2 8814.8 25826.7 58522.3 260521.7 
SAB16_C_36-37    300.4 166.9 51.5 40499.6 616.1 307.0 3705.5 9262.5 26286.8 59849.9 267177.6 
SAB16_C_38-39    304.2 161.8 51.8 41420.6 590.6 292.4 3874.8 9158.7 25808.6 58948.3 263831.8 
SAB16_C_40-41    316.7 171.0 50.1 39673.4 589.8 291.7 3893.6 9486.5 25770.1 60715.8 275886.4 
SAB16_C_42-43    345.4 171.0 49.2 37109.9 574.3 288.0 3818.8 9815.3 24523.4 55724.9 266448.2 
SAB16_C_44-45    347.6 162.9 50.9 40633.9 569.3 291.9 3859.7 9059.9 25601.2 61292.5 270476.2 
SAB16_C_46-47    287.6 167.7 54.0 42012.9 621.7 307.0 4075.7 9701.7 26954.1 62408.2 278563.8 
SAB16_C_48-49    329.2 168.4 51.4 38955.8 566.9 338.0 3734.5 9426.6 25910.5 59222.3 271157.1 
SAB16_C_50-51    310.3 168.6 51.5 38104.7 559.8 286.4 3763.3 9573.5 25064.4 57258.4 267586.5 
SAB16_C_52-53    289.6 161.9 51.3 40203.0 514.0 326.6 3823.5 9224.0 25596.4 56116.8 262050.5 
SAB16_C_54-55    300.6 168.1 50.3 40146.1 585.0 312.9 3783.1 9408.0 25782.3 59515.6 272545.6 
SAB16_C_56-57    293.1 167.8 51.6 38511.5 524.6 296.3 3790.1 9291.7 25149.6 61070.0 278662.0 
SAB16_C_58-59    295.8 165.5 51.4 38665.5 545.2 319.8 3808.8 9056.8 25401.3 56074.8 266269.6 
SAB16_C_60-61    276.1 163.1 50.8 38911.8 510.2 302.3 3966.4 8901.1 25577.7 58601.8 273727.7 
SAB16_C_62-63    290.6 166.4 51.2 37386.7 553.3 287.3 3853.0 9489.2 25188.7 56806.4 272180.9 
SAB16_C_64-65    318.6 167.1 51.5 38522.2 534.4 286.2 3883.8 9601.7 24828.6 57658.5 271360.7 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_C_66-67    320.4 168.7 52.4 38942.7 551.7 321.5 4045.9 9264.7 24970.6 58586.4 271939.9 
SAB16_C_68-69    303.8 165.4 51.9 39357.0 534.9 301.8 3912.3 9562.8 24952.9 58693.7 275131.6 
SAB16_C_70-71    315.4 163.4 52.2 42649.6 608.4 318.0 4044.0 9234.5 26282.7 62054.1 272196.0 
SAB16_C_72-73    331.9 164.8 51.4 41228.5 605.2 298.5 4047.1 8772.2 26455.6 62197.0 268672.1 
SAB16_C_74-75    334.0 165.2 50.9 42024.5 610.7 281.0 4134.5 9541.4 26339.6 62255.5 270978.2 
SAB16_C_76-77    319.4 163.4 50.6 42195.2 566.1 304.4 4049.2 9453.1 26073.8 59141.3 260778.2 
SAB16_C_78-79    248.1 149.7 57.6 46960.7 648.3 330.4 4320.3 9361.9 27828.3 64846.2 266907.9 
SAB16_C_80-81    263.3 153.6 63.8 51993.1 718.6 335.9 4553.6 9492.2 29125.2 69930.4 271337.1 
SAB16_C_82-83    237.6 147.2 57.4 49260.2 661.0 351.3 4381.0 8611.1 27666.2 62751.8 255608.7 
SAB16_C_84-85    246.1 144.1 61.9 49720.3 667.0 346.4 4367.3 8972.0 28537.7 67131.8 262337.1 
SAB16_C_86-87    260.9 145.6 59.9 49341.1 659.7 344.3 4184.5 8779.0 27731.0 65206.0 259832.7 
SAB16_C_88-89    245.1 151.5 61.0 48652.0 732.0 334.7 4381.7 9452.5 28092.8 64938.5 265657.7 
SAB16_C_90-91    280.8 153.0 56.6 44591.1 603.9 298.4 4262.8 9282.6 26288.7 63918.5 268110.2 
SAB16_C_92-93    277.6 155.1 54.6 42360.7 688.7 301.6 4149.6 9227.3 25956.4 60277.2 266902.9 
SAB16_C_94-95    262.5 148.5 58.0 44777.4 602.9 343.6 4058.5 8834.9 26557.8 61365.9 258940.7 
SAB16_C_96-97    230.7 141.6 61.5 46632.5 650.7 342.3 4205.1 8542.9 27219.1 63824.7 253775.4 
SAB16_C_98-99    222.1 139.3 63.7 50602.5 713.3 353.7 4464.2 9066.0 28854.5 67952.7 261854.8 
SAB16_C_100-101  204.6 140.7 63.1 49776.2 718.4 373.5 4231.9 9038.2 28347.2 63832.8 256181.6 
SAB16_C_102-103  192.9 135.0 64.1 49146.1 691.5 357.1 4261.8 8595.7 27668.2 61924.3 247972.1 
SAB16_C_104-105  192.9 135.2 63.4 49372.8 655.6 343.0 4203.8 8679.0 28136.9 61944.7 249185.6 
SAB16_C_106-107  187.7 134.4 62.8 49236.4 609.4 370.3 4059.9 8408.0 27776.6 63002.9 252878.8 
SAB16_C_108-109  198.4 135.2 61.5 49375.8 637.8 319.4 4152.5 8529.5 27922.3 62223.6 251586.2 
SAB16_C_110-111  203.8 135.3 62.2 49073.2 635.3 330.6 4284.3 8754.7 27697.6 64736.3 263426.7 
SAB16_C_112-113  193.9 132.6 59.5 48237.9 615.5 339.9 4119.6 8371.6 27117.6 63276.4 258458.5 
SAB16_C_114-115  190.9 134.2 66.2 50050.2 635.9 374.5 4255.1 8375.2 28895.1 64181.1 259792.9 
SAB16_C_116-117  174.4 130.9 65.9 51915.6 694.3 362.7 4219.1 8413.3 28101.3 58304.3 243085.3 
SAB16_C_118-119  173.3 129.1 63.1 51359.9 715.8 349.8 4068.6 8628.3 27166.3 58588.8 240235.1 
SAB16_C_120-121  176.6 130.7 61.4 51852.3 616.4 348.8 4174.5 8581.7 27329.3 61824.1 253128.1 
SAB16_C_122-123  159.8 129.5 66.1 58666.7 793.5 351.3 4133.8 9132.7 27494.2 60330.4 242386.5 
SAB16_C_124-125  166.9 133.1 62.4 57434.7 745.5 369.7 4080.1 9602.7 27886.6 58139.6 237498.4 
SAB16_C_126-127  175.1 137.1 65.8 56692.3 696.9 391.6 4249.5 9543.8 28744.8 65093.7 254606.9 
SAB16_C_128-129  176.0 131.5 60.7 59613.0 677.3 332.0 4025.2 9299.9 27094.4 58297.1 238378.8 
SAB16_C_130-131  169.5 145.6 67.8 72631.0 765.6 391.3 4478.5 10331.3 29941.7 71714.6 262926.1 
SAB16_C_132-133  172.7 134.5 63.9 70735.7 782.0 322.5 3994.7 9862.4 27098.3 59894.9 235218.3 
SAB16_C_134-135  160.7 134.2 58.2 68033.9 737.8 339.9 4043.2 10385.7 26864.6 58586.5 240516.2 
SAB16_C_136-137  143.6 141.1 61.3 69223.1 864.0 384.5 4047.1 11730.7 27378.4 59087.1 227800.1 
SAB16_C_138-139  133.3 131.9 59.0 75058.1 822.9 330.8 3964.7 11564.2 26998.9 56044.3 225524.3 
SAB16_C_140-141  140.6 144.7 60.4 74197.6 922.8 368.2 4321.1 12698.3 28336.1 59238.4 238597.6 
SAB16_C_142-143  172.5 148.5 62.5 64299.3 790.5 386.4 4230.1 11402.9 28891.7 59590.7 241788.6 
SAB16_C_144-145  143.8 141.8 61.3 68836.2 951.9 379.8 4312.3 11850.6 29539.3 62086.7 254088.3 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_C_146-147  9 4 . 9 133.6 55.1 79865.0 944.0 390.3 3808.8 13022.6 27470.5 56459.0 250376.9 
SAB16_C_148-149  8 8 . 0 144.1 59.2 77110.0 1208.6 378.0 4078.5 14490.8 29004.2 57922.7 254518.4 
SAB16_C_150-151  9 2 . 1 145.6 61.0 80285.8 1132.8 406.7 4139.4 14421.3 29898.3 60575.5 261165.5 
SAB16_C_152-153  9 2 . 7 146.0 55.6 78140.5 1070.8 380.7 3677.7 15918.5 26472.0 50480.1 205772.9 
SAB16_C_154-155  8 4 . 6 147.0 54.0 77853.0 1120.6 372.6 3845.2 15231.2 27599.4 55150.9 223329.6 
SAB16_C_156-157  8 3 . 8 136.4 54.1 79890.5 863.0 351.3 3609.8 13060.3 26728.9 53519.3 244836.9 
SAB16_C_158-159  9 2 . 9 152.5 53.6 71763.7 1034.4 379.9 3672.3 16053.8 25890.7 53704.9 224601.7 
SAB16_C_160-161  8 5 . 7 166.4 50.2 75123.8 1387.2 383.8 4027.4 20256.9 27841.7 55948.8 247043.6 
SAB16_C_162-163  7 6 . 4 156.3 51.9 63677.9 1315.4 345.6 3773.3 18062.3 25916.4 47643.4 248749.2 
SAB16_C_164-165  8 8 . 9 154.2 56.3 65908.5 1120.4 371.0 3915.4 15953.9 27048.5 54632.6 256560.1 
SAB16_C_166-167  106.9 168.0 60.0 67193.3 1137.4 432.0 4165.6 16967.7 28472.9 57481.3 255782.5 
SAB16_C_168-169  104.0 163.2 55.4 60573.9 1132.0 350.4 3912.0 16032.8 25926.7 53949.8 247400.5 
SAB16_C_170-171  104.7 163.5 53.8 60795.9 1127.2 335.7 3921.5 16593.4 25724.0 49347.1 237854.0 
SAB16_C_172-173  107.3 178.0 56.4 62686.3 1166.0 333.7 4170.1 17793.8 26743.7 54704.5 256023.4 
SAB16_C_174-175  9 7 . 5 169.2 48.4 59596.7 1275.7 310.7 3571.0 18625.6 24266.5 49006.0 230739.7 
SAB16_C_176-177  115.9 187.0 53.7 54668.5 1224.0 350.0 3894.1 19447.1 25036.8 52374.6 240234.0 
SAB16_C_178-179  115.1 207.2 59.2 62858.8 1506.6 407.2 4508.3 23294.7 29090.0 58132.1 258280.3 
SAB16_C_180-181  9 3 . 2 169.9 45.6 49524.5 1333.4 320.0 3400.2 20737.4 21914.8 43608.7 210382.6 
SAB16_C_182-183  114.8 186.2 48.3 53404.5 1314.2 324.2 3658.7 22421.5 23705.1 47746.8 220476.9 
SAB16_C_184-185  283.1 197.9 50.8 43351.9 767.2 316.4 4079.3 14542.6 24202.0 56606.3 263885.7 
SAB16_C_186-187  417.6 185.6 48.0 39028.7 523.7 306.9 4607.9 10370.3 24841.3 63031.4 297604.0 
SAB16_C_188-189  350.8 186.1 51.5 44761.3 606.0 350.5 4427.3 10882.5 26164.7 65606.4 281226.5 
SAB16_C_190-191  334.6 187.4 50.5 42915.5 564.3 323.8 4189.1 10852.2 26232.8 66105.2 285999.3 
SAB16_C_192-193  355.0 189.8 48.1 41493.4 544.0 336.3 4274.3 11426.5 25407.2 62853.9 283595.2 
SAB16_C_194-195  383.1 198.2 46.6 39431.8 559.9 282.0 4282.5 11395.2 24370.5 61854.7 286909.2 
SAB16_C_196-197  401.8 189.6 46.6 40384.7 578.0 305.6 4091.5 10949.6 24579.0 58587.7 280839.6 
SAB16_C_198-199  369.4 186.2 53.7 45229.4 624.5 334.6 4217.2 11102.0 26445.1 63522.4 279794.6 
SAB16_C_200-201  289.8 186.9 54.8 47184.7 670.7 326.9 4423.7 10851.2 27055.4 63542.5 274143.6 
SAB16_C_202-203  262.4 181.4 54.7 47927.5 642.1 336.4 4378.6 10718.8 27279.8 63172.2 269260.0 
SAB16_C_204-205  305.0 185.5 55.0 47617.5 662.5 336.0 4154.7 10926.2 26722.7 65276.3 272970.0 
SAB16_C_206-207  243.9 179.6 58.1 50060.4 691.0 346.7 4398.8 10738.7 29014.4 67536.1 271195.3 
SAB16_C_208-209  246.5 182.4 57.2 49749.3 685.2 347.3 4259.7 10510.6 27809.2 66854.2 272112.9 
SAB16_C_210-211  257.8 174.8 60.6 50114.9 636.6 383.1 4478.2 10463.5 28771.6 69592.8 277392.3 
SAB16_C_212-213  225.0 175.7 60.5 51924.9 691.4 354.3 4341.9 10477.7 28517.0 67425.0 271146.2 
SAB16_C_214-215  205.8 175.2 62.4 52250.4 711.7 400.6 4528.4 10082.8 29262.7 68247.8 268422.3 
SAB16_C_216-217  195.4 168.4 64.7 54068.4 784.0 374.5 4454.0 9699.0 29991.9 71123.6 268096.1 
SAB16_C_218-219  211.3 169.3 63.2 52535.6 733.6 361.7 4559.1 9743.6 29714.8 69382.9 264696.8 
SAB16_C_220-221  209.9 169.1 62.5 52737.7 747.7 354.7 4540.3 9674.6 29681.0 69975.2 272058.6 
SAB16_C_222-223  199.7 168.1 63.0 52684.7 682.4 323.9 4397.3 9477.8 29215.9 68115.8 263085.6 
SAB16_C_224-225  236.4 178.7 62.1 51101.9 711.9 351.9 4290.8 10022.9 28799.3 70064.1 275896.0 
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Sample ID Zr Sr Rb Fe Mn V Ti Ca K Al Si 
SAB16_C_226-227  208.3 171.7 63.0 53383.1 760.1 363.5 4421.2 9926.8 29224.1 67945.0 260376.0 
SAB16_C_228-229  203.5 170.2 64.6 53795.1 753.6 411.6 4569.5 10005.5 30105.7 71026.5 271046.1 
SAB16_C_230-231  192.6 172.3 63.4 52935.7 709.0 381.6 4424.2 9784.4 30409.6 72119.4 269664.7 
SAB16_C_232-233  203.0 172.4 64.6 52860.0 721.2 369.7 4546.8 10102.8 30812.0 73449.3 268982.7 
SAB16_C_234-235  205.1 173.2 64.3 53561.0 720.1 382.1 4510.3 9703.2 30393.7 70794.8 264413.6 
SAB16_C_236-237  214.8 176.5 65.3 53949.4 700.4 360.2 4484.4 10062.4 30841.5 71095.1 269755.5 
SAB16_C_238-239  201.3 171.4 65.7 55056.4 793.8 384.8 4569.2 10221.3 30894.1 70078.1 262710.9 
SAB16_C_240-241  240.0 176.6 64.0 52654.5 827.0 339.4 4523.3 10232.3 30637.7 71280.2 272108.7 
 
APPENDIX II: STATISTICS 
 
     
Appendix Table II-1: PCA scores for core SAB13. 
cm PC1 PC2 
2.5 -0.93 -1.43 
6.5 -1.38 -2.79 
10.5 -1.31 -1.92 
14.5 -1.53 -2.71 
18.5 -1.67 -4.00 
22.5 -1.03 -3.54 
26.5 -1.83 -4.89 
30.5 -2.14 -3.93 
34.5 -0.67 -4.26 
38.5 -2.45 -3.65 
42.5 -2.60 -4.04 
46.5 -2.43 -4.20 
50.5 -2.54 -4.34 
54.5 -1.43 -2.54 
58.5 -0.81 -1.74 
62.5 -0.52 -1.94 
66.5 -0.30 -1.46 
70.5 0.07 -1.70 
74.5 -0.79 -2.34 
78.5 -0.65 -1.35 
82.5 -0.28 -1.35 
86.5 0.29 -0.50 
90.5 0.93 0.58 
94.5 0.72 1.47 
98.5 0.73 1.92 
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cm PC1 PC2 
102.5 0.50 2.42 
106.5 0.37 0.71 
110.5 0.55 1.87 
114.5 0.57 2.57 
118.5 0.22 2.25 
122.5 -0.27 2.73 
126.5 -0.60 2.93 
130.5 -0.69 2.58 
134.5 -0.49 2.87 
138.5 -0.78 2.85 
142.5 -0.93 2.34 
146.5 -0.68 2.01 
150.5 -0.62 2.32 
154.5 -0.55 2.19 
158.5 -0.51 2.37 
162.5 -0.45 2.53 
166.5 -0.13 2.56 
170.5 -0.36 2.73 
174.5 -0.32 2.59 
178.5 0.03 2.59 
182.5 2.48 1.62 
186.5 2.77 0.94 
190.5 5.36 0.22 
194.5 7.54 -0.76 
198.5 8.90 -2.62 
202.5 8.89 -2.22 
206.5 6.61 -0.12 
210.5 6.75 -0.49 
214.5 4.94 0.58 
218.5 4.36 -1.01 
222.5 4.12 -1.00 
226.5 2.02 -0.02 
230.5 1.77 0.48 
234.5 0.43 0.46 
238.5 -0.77 1.24 
242.5 -1.18 0.33 
246.5 -1.74 -0.15 
250.5 -0.88 -0.52 
254.5 -1.38 -0.30 
258.5 -2.05 -0.24 
 208 
  
cm PC1 PC2 
262.5 -2.36 -0.91 
266.5 -2.76 -1.35 
270.5 -2.69 0.64 
274.5 -3.19 0.04 
278.5 -2.66 1.67 
282.5 -2.31 2.46 
286.5 -2.54 1.17 
290.5 -2.30 1.88 
294.5 -2.82 1.84 
298.5 -2.62 2.51 




Appendix Table II-2: PCA score for core SAB16. 
 
Sample ID PC1 PC2 
SAB16_0-1        0.52 1.66 
SAB16_2-3        -0.14 2.52 
SAB16_4-5        -0.43 2.60 
SAB16_6-7        -0.14 0.91 
SAB16_8-9        -0.24 2.37 
SAB16_10-11      -0.70 2.01 
SAB16_12-13      -1.11 0.20 
SAB16_14-15      -1.37 0.49 
SAB16_16-17      -1.40 -0.11 
SAB16_18-19      -1.56 -0.53 
SAB16_20-21      -1.87 -1.39 
SAB16_22-23      -1.85 -2.16 
SAB16_24-25      -2.11 -1.45 
SAB16_26-27      -2.38 -1.34 
SAB16_28-29      -2.70 -1.18 
SAB16_30-31      -2.43 -1.24 
SAB16_32-33      -2.55 -1.37 
SAB16_34-35      -3.14 -2.53 
SAB16_36-37      -2.87 -3.04 
SAB16_38-39      -2.79 -3.07 
SAB16_40-41      -2.19 -2.51 
SAB16_42-43      -2.48 -2.91 
SAB16_44-45      -3.37 -3.90 
SAB16_46-47      -3.69 -3.46 
 209 
  
Sample ID PC1 PC2 
SAB16_48-49      -3.38 -2.20 
SAB16_50-51      -3.27 -2.84 
SAB16_52-53      -3.20 -3.05 
SAB16_54-55      -3.55 -3.04 
SAB16_56-57      -3.84 -2.51 
SAB16_58-59      -3.72 -2.44 
SAB16_60-61      -3.92 -2.74 
SAB16_62-63      -4.16 -2.19 
SAB16_64-65      -3.75 -1.57 
SAB16_66-67      -3.77 -2.71 
SAB16_68-69      -4.03 -3.41 
SAB16_70-71      -3.53 -4.12 
SAB16_72-73      -3.68 -4.19 
SAB16_74-75      -3.54 -3.87 
SAB16_76-77      -3.32 -2.84 
SAB16_78-79      -3.15 -1.50 
SAB16_80-81      -2.39 -1.16 
SAB16_82-83      -1.96 -0.60 
SAB16_84-85      -1.88 -1.46 
SAB16_86-87      -1.60 -1.51 
SAB16_88-89      -1.71 -1.16 
SAB16_90-91      -1.15 -0.74 
SAB16_92-93      -1.43 -0.97 
SAB16_94-95      -1.81 -1.65 
SAB16_96-97      -1.84 -0.94 
SAB16_98-99      -1.42 -0.66 
SAB16_100-101    -1.47 -0.23 
SAB16_102-103    -1.58 -0.87 
SAB16_104-105    -1.43 0.09 
SAB16_106-107    -1.45 -0.02 
SAB16_108-109    -1.30 1.11 
SAB16_110-111    -1.18 0.53 
SAB16_112-113    -0.95 -0.19 
SAB16_114-115    -0.75 0.34 
SAB16_116-117    -0.87 0.42 
SAB16_118-119    -0.77 0.69 
SAB16_120-121    -0.87 0.41 
SAB16_122-123    -0.67 0.59 
SAB16_124-125    -0.59 2.10 
SAB16_126-127    -0.60 1.34 
 210 
  
Sample ID PC1 PC2 
SAB16_128-129    -0.66 1.22 
SAB16_130-131    -0.73 1.67 
SAB16_132-133    -0.64 2.37 
SAB16_134-135    -0.71 2.24 
SAB16_136-137    -0.42 1.58 
SAB16_138-139    -0.42 1.82 
SAB16_140-141    -0.56 2.23 
SAB16_142-143    -0.71 2.21 
SAB16_144-145    -0.58 2.33 
SAB16_146-147    -0.60 2.56 
SAB16_148-149    -0.43 1.97 
SAB16_150-151    -0.24 1.33 
SAB16_152-153    -0.47 1.89 
SAB16_154-155    -0.44 2.73 
SAB16_156-157  -0.55 2.37 
SAB16_158-159  -0.28 2.34 
SAB16_160-161  -0.60 2.96 
SAB16_162-163  -0.48 2.46 
SAB16_164-165  -0.26 2.56 
SAB16_166-167  -0.36 2.20 
SAB16_168-169  -0.67 2.62 
SAB16_170-171  -0.88 2.76 
SAB16_172-173  -0.95 3.10 
SAB16_174-175  -0.85 2.42 
SAB16_176-177  -0.73 2.69 
SAB16_178-179  -1.01 3.01 
SAB16_180-181  -0.82 2.31 
SAB16_182-183  -1.05 2.84 
SAB16_184-185  -1.18 3.46 
SAB16_186-187  -0.78 3.54 
SAB16_188-189  -0.90 2.61 
SAB16_190-191  -1.02 2.92 
SAB16_192-193  -1.38 3.18 
SAB16_194-195  -1.30 3.05 
SAB16_196-197  -1.51 3.14 
SAB16_198-199  -1.63 3.52 
SAB16_200-201  -1.59 3.12 
SAB16_202-203  -1.96 3.27 
SAB16_204-205  -1.76 3.02 
SAB16_206-207  -1.77 2.53 
 211 
  
Sample ID PC1 PC2 
SAB16_208-209  -0.38 1.95 
SAB16_210-211  2.42 1.77 
SAB16_212-213  4.09 1.04 
SAB16_214-215  3.52 1.18 
SAB16_216-217  3.70 2.45 
SAB16_218-219  4.01 0.16 
SAB16_220-221  4.19 1.96 
SAB16_222-223  3.95 1.88 
SAB16_224-225  4.44 1.02 
SAB16_226-227  3.82 0.43 
SAB16_228-229  4.18 0.16 
SAB16_230-231  4.34 -0.37 
SAB16_232-233  3.96 -1.21 
SAB16_234-235  4.70 -2.54 
SAB16_236-237  4.23 -2.00 
SAB16_238-239  4.94 -0.93 
SAB16_240-241  3.74 -3.33 
SAB16_242-234  4.10 -1.73 
SAB16_244-245  5.34 -2.95 
SAB16_246-247  4.66 -1.95 
SAB16_248-249  5.93 -1.40 
SAB16_250-251  5.59 -1.09 
SAB16_252-253  5.00 -1.42 
SAB16_254-255  5.00 -0.69 
SAB16_256-257  5.81 -1.22 
SAB16_258-259  5.04 -1.27 
SAB16_260-261    5.39 -0.84 
SAB16_262-263    4.69 -0.81 
SAB16_264-265    4.39 -0.97 
SAB16_266-267    4.53 -0.64 
SAB16_268-269    4.66 -1.92 
SAB16_270-271    5.59 -1.62 
SAB16_272-273    4.99 -1.85 
SAB16_274-275    4.39 0.28 
SAB16_276-277    3.79 0.09 
SAB16_278-279    3.48 -0.52 
SAB16_280-281    3.55 -1.28 
SAB16_282-283    3.72 -2.16 
SAB16_284-285    3.93 -1.56 
SAB16_286-287    3.82 -0.89 
 212 
  
Sample ID PC1 PC2 
SAB16_288-289    3.49 -2.21 
SAB16_290-291    3.68 -2.52 
SAB16_292-293    3.13 -2.85 
SAB16_294-295    1.44 -1.51 
SAB16_296-297    -2.34 -0.57 
SAB16_298-299    -4.61 -0.39 
SAB16_300-301    -4.75 0.86 
SAB16_302-303    -4.94 1.03 
           
 
 
Appendix Table II-3: PCA score for core SAB16-A. 
 
Sample ID PC1 PC2 
SAB16_A_0-1      1.34 1.75 
SAB16_A_2-3      -0.55 2.83 
SAB16_A_4-5      -0.14 2.27 
SAB16_A_6-7      -0.96 2.66 
SAB16_A_8-9      0.34 0.65 
SAB16_A_10-11    0.63 -0.07 
SAB16_A_12-13    -0.23 0.01 
SAB16_A_14-15    0.00 -0.78 
SAB16_A_16-17    0.20 -1.67 
SAB16_A_18-19    -0.02 -2.77 
SAB16_A_20-21    0.14 -3.03 
SAB16_A_22-23    0.31 -3.05 
SAB16_A_24-25    -0.02 -2.89 
SAB16_A_26-27    0.12 -2.91 
SAB16_A_28-29    -0.07 -2.99 
SAB16_A_30-31    -0.07 -2.40 
SAB16_A_32-33    0.21 -4.08 
SAB16_A_34-35    -0.18 -4.12 
SAB16_A_36-37    0.04 -4.24 
SAB16_A_38-39    0.34 -2.30 
SAB16_A_40-41    0.44 -1.33 
SAB16_A_42-43    0.30 -1.20 
SAB16_A_44-45    1.18 -0.84 
SAB16_A_46-47    0.62 0.83 
SAB16_A_48-49    0.34 0.61 
SAB16_A_50-52    0.16 1.40 
 213 
  
Sample ID PC1 PC2 
SAB16_A_52-53    0.07 1.02 
SAB16_A_54-55    0.64 0.91 
SAB16_A_56-57    4.96 2.07 
SAB16_A_58-59    3.61 2.00 
SAB16_A_60-61    5.96 1.65 
SAB16_A_62-63    4.13 -0.50 
SAB16_A_64-65    6.92 2.14 
SAB16_A_66-67    7.36 2.02 
SAB16_A_68-69    6.80 1.62 
SAB16_A_70-71    7.15 -0.10 
SAB16_A_72-73    7.85 0.28 
SAB16_A_74-75    3.27 -1.85 
SAB16_A_76-77    -1.76 -3.63 
SAB16_A_78-79    -1.94 -3.12 
SAB16_A_80-81    -1.94 -1.96 
SAB16_A_82-83    -1.91 -1.91 
SAB16_A_84-85    -2.23 -1.71 
SAB16_A_86-87    -2.13 -1.69 
SAB16_A_88-89    -1.98 -1.85 
SAB16_A_90-91    -2.16 -0.75 
SAB16_A_92-93    -2.00 0.54 
SAB16_A_94-95    -2.29 1.68 
SAB16_A_96-97    -2.42 1.87 
SAB16_A_98-99    -2.27 1.37 
SAB16_A_100-101  -2.26 1.50 
SAB16_A_102-103  -2.34 1.36 
SAB16_A_104-105  -2.17 1.33 
SAB16_A_106-107  -2.65 1.35 
SAB16_A_108-109  -2.83 1.94 
SAB16_A_110-111  -2.92 2.14 
SAB16_A_112-113  -3.06 2.07 
SAB16_A_114-115  -2.54 2.21 
SAB16_A_116-117  -2.79 2.13 
SAB16_A_118-119  -2.91 2.57 
SAB16_A_120-121  -3.18 2.73 
SAB16_A_122-123  -3.04 1.90 
SAB16_A_124-125  -2.76 1.86 




Appendix Table II-4: PCA scores for core SAB16-B. 
 
Sample_ID PC1 PC2 
SAB16_B_0-1      -0.94 0.70 
SAB16_B_2-3      -0.83 0.12 
SAB16_B_4-5      -0.92 -0.86 
SAB16_B_6-7      -0.65 -0.81 
SAB16_B_8-9      -1.08 -0.78 
SAB16_B_10-11    -1.28 -1.68 
SAB16_B_12-13    -1.46 -2.48 
SAB16_B_14-15    -1.64 -2.51 
SAB16_B_16-17    -1.80 -2.71 
SAB16_B_18-19    -1.15 -3.47 
SAB16_B_20-21    -1.26 -2.54 
SAB16_B_22-23    -1.26 -2.18 
SAB16_B_24-25    -1.41 -2.53 
SAB16_B_26-27    -1.67 -2.48 
SAB16_B_28-29    -1.71 -2.36 
SAB16_B_30-31    -1.65 -2.57 
SAB16_B_32-33    -1.90 -2.22 
SAB16_B_34-35    -1.86 -2.97 
SAB16_B_36-37    -1.46 -2.48 
SAB16_B_38-39    -1.92 -2.55 
SAB16_B_40-41    -2.10 -3.98 
SAB16_B_42-43    -2.11 -3.94 
SAB16_B_44-45    -1.61 -3.64 
SAB16_B_46-47    -1.46 -4.36 
SAB16_B_48-49    -1.51 -3.33 
SAB16_B_50-51    -1.33 -2.02 
SAB16_B_52-53    -0.71 -1.57 
SAB16_B_54-55    -0.91 0.51 
SAB16_B_56-57    -0.70 1.37 
SAB16_B_58-59    -1.05 1.03 
SAB16_B_60-61    -0.92 0.74 
SAB16_B_62-63    -0.99 0.62 
SAB16_B_64-65    -0.44 -0.01 
SAB16_B_66-67    1.93 0.33 
SAB16_B_68-69    2.54 0.74 
SAB16_B_70-71    2.17 0.56 
 215 
  
Sample_ID PC1 PC2 
SAB16_B_72-73    2.55 1.15 
SAB16_B_74-75    2.93 0.90 
SAB16_B_76-77    2.83 1.48 
SAB16_B_78-79    3.80 1.13 
SAB16_B_80-81    3.12 1.23 
SAB16_B_82-83    3.40 1.01 
SAB16_B_84-85    5.18 0.73 
SAB16_B_86-87    3.63 1.07 
SAB16_B_88-89    4.57 0.18 
SAB16_B_90-91    5.53 0.61 
SAB16_B_92-93    4.74 0.67 
SAB16_B_94-95    4.47 -0.50 
SAB16_B_96-97    5.09 0.06 
SAB16_B_98-99    3.45 1.14 
SAB16_B_100-101  5.03 0.20 
SAB16_B_102-103  4.16 1.90 
SAB16_B_104-105  4.63 1.83 
SAB16_B_106-107  4.00 1.60 
SAB16_B_108-109  4.05 0.43 
SAB16_B_110-111  4.30 0.49 
SAB16_B_112-113  4.45 -0.32 
SAB16_B_114-115  4.27 -0.56 
SAB16_B_116-117  4.43 -1.13 
SAB16_B_118-119  4.58 -0.84 
SAB16_B_120-121  4.05 -0.50 
SAB16_B_122-123  3.33 -0.37 
SAB16_B_124-125  1.96 -0.75 
SAB16_B_126-127  3.00 -0.82 
SAB16_B_128-129  2.64 -0.21 
SAB16_B_130-131  -1.75 -0.67 
SAB16_B_132-133  -3.17 -1.15 
SAB16_B_134-135  -3.21 -1.69 
SAB16_B_136-137  -3.40 -0.73 
SAB16_B_138-139  -3.10 -0.07 
SAB16_B_140-141  -2.94 1.89 
SAB16_B_142-143  -3.66 -0.39 
SAB16_B_144-145  -3.90 -1.70 
SAB16_B_146-147  -3.09 2.43 
SAB16_B_148-149  -3.24 2.88 
SAB16_B_150-151  -3.24 2.64 
 216 
  
Sample_ID PC1 PC2 
SAB16_B_152-153  -3.54 1.81 
SAB16_B_154-155  -3.15 2.80 
SAB16_B_156-157  -3.43 2.97 
SAB16_B_158-159  -3.15 3.42 
SAB16_B_160-161  -3.17 3.18 
SAB16_B_162-163  -3.33 3.24 
SAB16_B_164-165  -3.12 3.42 
SAB16_B_166-167  -3.30 3.46 
SAB16_B_168-169  -2.99 3.62 
SAB16_B_170-171  -3.28 3.14 
SAB16_B_172-173  -3.19 2.83 
SAB16_B_174-175  -3.46 3.60 
SAB16_B_176-177  -3.30 3.62 
 
Appendix Table II-5: PCA scores for core SAB16-C. 
Sample ID PC1 PC2 
SAB16_C_0-1      2.37 2.08 
SAB16_C_2-3      1.15 1.11 
SAB16_C_4-5      -0.17 1.43 
SAB16_C_6-7      -0.70 -1.00 
SAB16_C_8-9      -1.90 -3.05 
SAB16_C_10-11    -3.10 -4.07 
SAB16_C_12-13    -3.11 -5.60 
SAB16_C_14-15    -2.39 -4.27 
SAB16_C_16-17    -2.51 -3.14 
SAB16_C_18-19    -3.70 -4.64 
SAB16_C_20-21    -3.79 -4.75 
SAB16_C_22-23    -2.53 -3.64 
SAB16_C_24-25    -3.46 -4.55 
SAB16_C_26-27    -0.94 -2.06 
SAB16_C_28-29    -0.82 -1.15 
SAB16_C_30-31    -0.89 -1.67 
SAB16_C_32-33    -0.76 -1.50 
SAB16_C_34-35    -0.96 -1.46 
SAB16_C_36-37    -1.29 -1.42 
SAB16_C_38-39    -1.26 -1.43 
SAB16_C_40-41    -1.70 -1.53 
SAB16_C_42-43    -1.73 -2.35 
SAB16_C_44-45    -1.71 -1.48 
 217 
  
Sample ID PC1 PC2 
SAB16_C_46-47    -1.50 -0.45 
SAB16_C_48-49    -1.44 -1.29 
SAB16_C_50-51    -1.62 -1.98 
SAB16_C_52-53    -1.01 -1.50 
SAB16_C_54-55    -1.57 -1.40 
SAB16_C_56-57    -2.09 -1.43 
SAB16_C_58-59    -1.65 -1.40 
SAB16_C_60-61    -1.94 -1.11 
SAB16_C_62-63    -1.91 -1.71 
SAB16_C_64-65    -2.02 -1.75 
SAB16_C_66-67    -1.95 -1.04 
SAB16_C_68-69    -1.90 -1.41 
SAB16_C_70-71    -1.62 -0.58 
SAB16_C_72-73    -1.92 -0.71 
SAB16_C_74-75    -1.99 -0.85 
SAB16_C_76-77    -1.57 -1.02 
SAB16_C_78-79    -0.76 0.88 
SAB16_C_80-81    -0.62 2.16 
SAB16_C_82-83    -0.25 1.04 
SAB16_C_84-85    -0.21 1.62 
SAB16_C_86-87    -0.20 0.92 
SAB16_C_88-89    -0.31 1.17 
SAB16_C_90-91    -1.08 -0.11 
SAB16_C_92-93    -0.94 -0.69 
SAB16_C_94-95    -0.37 0.05 
SAB16_C_96-97    0.08 0.83 
SAB16_C_98-99    0.45 2.01 
SAB16_C_100-101  0.94 1.43 
SAB16_C_102-103  1.05 1.18 
SAB16_C_104-105  0.92 1.03 
SAB16_C_106-107  0.87 1.09 
SAB16_C_108-109  0.59 0.64 
SAB16_C_110-111  0.27 1.08 
SAB16_C_112-113  0.40 0.62 
SAB16_C_114-115  0.76 1.91 
SAB16_C_116-117  1.41 1.25 
SAB16_C_118-119  1.53 0.58 
SAB16_C_120-121  1.07 0.81 
SAB16_C_122-123  2.07 1.10 
SAB16_C_124-125  2.23 0.82 
 218 
  
Sample ID PC1 PC2 
SAB16_C_126-127  1.70 2.02 
SAB16_C_128-129  1.80 0.30 
SAB16_C_130-131  1.95 3.31 
SAB16_C_132-133  2.76 0.42 
SAB16_C_134-135  2.85 0.04 
SAB16_C_136-137  3.76 0.75 
SAB16_C_138-139  3.73 0.01 
SAB16_C_140-141  3.69 1.16 
SAB16_C_142-143  2.82 1.31 
SAB16_C_144-145  3.42 1.66 
SAB16_C_146-147  4.81 0.07 
SAB16_C_148-149  5.00 0.85 
SAB16_C_150-151  4.77 1.70 
SAB16_C_152-153  6.29 -0.98 
SAB16_C_154-155  5.64 -0.36 
SAB16_C_156-157  4.68 -0.89 
SAB16_C_158-159  5.43 -1.19 
SAB16_C_160-161  6.10 -0.64 
SAB16_C_162-163  5.44 -2.05 
SAB16_C_164-165  4.54 -0.53 
SAB16_C_166-167  4.74 0.88 
SAB16_C_168-169  4.37 -1.21 
SAB16_C_170-171  4.56 -1.81 
SAB16_C_172-173  4.11 -0.89 
SAB16_C_174-175  5.08 -3.29 
SAB16_C_176-177  4.69 -2.12 
SAB16_C_178-179  5.44 0.43 
SAB16_C_180-181  5.98 -4.81 
SAB16_C_182-183  4.67 -3.50 
SAB16_C_184-185  -0.91 -1.79 
SAB16_C_186-187  -4.24 -0.31 
SAB16_C_188-189  -3.24 0.76 
SAB16_C_190-191  -3.54 0.20 
SAB16_C_192-193  -3.84 0.00 
SAB16_C_194-195  -4.06 -1.13 
SAB16_C_196-197  -3.78 -1.28 
SAB16_C_198-199  -3.35 0.47 
SAB16_C_200-201  -2.91 1.02 
SAB16_C_202-203  -2.56 1.12 
SAB16_C_204-205  -2.73 0.74 
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Sample ID PC1 PC2 
SAB16_C_206-207  -2.36 2.16 
SAB16_C_208-209  -2.36 1.58 
SAB16_C_210-211  -2.45 2.85 
SAB16_C_212-213  -2.06 2.21 
SAB16_C_214-215  -1.74 3.26 
SAB16_C_216-217  -1.63 3.50 
SAB16_C_218-219  -1.94 3.28 
SAB16_C_220-221  -2.11 3.21 
SAB16_C_222-223  -2.11 2.58 
SAB16_C_224-225  -2.33 2.44 
SAB16_C_226-227  -1.70 2.87 
SAB16_C_228-229  -1.81 4.08 
SAB16_C_230-231  -2.01 3.67 
SAB16_C_232-233  -1.49 3.71 
SAB16_C_234-235  -1.88 3.71 
SAB16_C_236-237  -2.03 3.54 
SAB16_C_238-239  -1.64 3.98 
SAB16_C_240-241  -2.31 3.31 
 
